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SUMMARY 


The  study  uses  the  HEC-5  computer  program,  "Reservoir  System 
Operation  for  Flood  Control  and  Conservation,"  to  evaluate  the  operation 
plans  for  the  six  headwater  reservoirs  on  the  Mississippi  River  in 
northern  Minnesota.  Reservoir  operation  rules  are  established  for  each 
plan  based  upon  the  desired  plan  objective.  Computer  simulation  results 
for  the  remaining  nine  plans  are  compared  to  Plan  1  to  define  expected 
changes  in  hydraulic,  frequency,  and  economic  effects  at  key  locations. 
The  ten  reservoir  operation  plans  are: 


Plan 

1  - 

Present  Operating  Plan 

Plan 

2  - 

Low  Flow  Plan,  1600  cfs  Minimum  Flow  at  Anoka 

Plan 

3  - 

High  Flow  Plan,  Increased  Flood  Protection  at  , 

Plan 

4  - 

Natural  Flow  Plan,  Pre-reservoir  Conditions 

Plan 

5  - 

Low  Flow  Plan,  2275  cfs  Minimum  Flow  at  Anoka 

Plan 

6  - 

Low  Flow  Plan,  4800  cfs  Minimum  Flow  at  Anoka 

Plan 

7  - 

Hydropower  Plan- 

Plan 

8  - 

Minimize  Lake  Property  Damage  Plan 

Plan 

9  - 

Conservation  Plan 

Plan 

10- 

Sandy  Lake  Plan 

Economic  benefits  are  computed  for  reduction  of  high  and  low  water 
damages  at  the  six  reservoirs  (during  the  summer  recreation  season,  May 
through  September),  flood  protection  at  Aitkin,  and  water  supply  for  the 
Minneapolis/St.  Paul  metropolitan  area.  The  47-year  simulation  period 
(1930-1976)  for  each  plan  shows  the  relative  effect  of  competing 

objectives. 

Plan  1  with  a  total  average  annual  damage  (AAD)  of  $600,000  at  the 
reservoirs  and  Aitkin  (see  accompanying  summary  table)  is  the  base 

condition  with  which  the  other  plans  can  be  compared.  Plan  3  is  the  best 
plan  for  reducing  AAD  at  Aitkin  ($60,000  reduction);  however,  the  net 
increase  at  the  reservoirs  ($270,000)  brings  the  total  AAD  to  $810,000  - 
a  substantial  increase  over  Plan  1.  Plan  8  best  minimizes  lake  property 

damage  with  a  reduction  of  $100,000  AAD.  This  is  offset  by  a  $140,000 

AAD  increase  at  Aitkin.  Plan  9  provides  improved  conditions  for  growing 
wild  rice  at  Leech  and  walleye  spawing  at  Winnibigoshish.  Although  no 


economic  benefics  are  computed  for  these  activities,  it  is  interesting  to 
note  that  the  AAD  is  not  adversely  affected  by  this  plan.  In  fact,  there 
is  a  slight  AAD  decrease  of  $30,000  compared  to  Plan  1. 

In  terms  of  water  supply  benefits  (Plans  2,  5,  and  6)  the  total 

benefit  is  substantial,  close  to  $13  million  for  Plan  6.  These  benefits 
are  based  on  a  relative  net  worth  of  water  at  Anoka  of  $385  per  cfs-day 
up  to  the  minimum  flow  target.  Plan  6  has  the  highest  net  benefit  due  to 
its  high  target  of  4800  cfs.  However,  as  is  shown  in  the  accompanying 
table  the  total  AAD  at  the  reservoirs  and  Aitkin  increases  as  the  minimum 
flow  target  increases.  When  comparing  the  combination  of  AAD  reduction 
and  water  supply  benefits,  the  three  plans  specifically  targeted  for 
water  supply  provide  substantially  higher  benefits  than  the  other  plans. 
This  is  due  to  the  high  value  of  the  water  supplied  to  Anoka  in  compar¬ 
ison  to  the  total  damages  at  the  reservoirs  and  Aitkin. 

Plan  7  (Hydropower)  and  Plan  10  (Sandy  Lake)  were  not  studied  using 
HEC-5.  A  brief  discussion  of  these  two  plans  is  found  in  Section  10  and 
13,  respectively. 

A  number  of  major  HEC-5  improvements  and  program  modifications  were 
made  by  HEC  during  the  course  of  the  study  to  enhance  the  use  of  the 
model  for  this  study.  All  program  deficiencies  were  corrected  prior  to 
the  final  computer  analysis  of  the  plans  except  for  one,  which  affects 
the  results  of  Plan  2,  5,  and  6.  The  effect  of  this  problem  is  discussed 
in  sections  presenting  the  results  of  these  three  plans. 

Complete  summaries  of  the  analyses  of  the  results  for  each  plan 
studied  using  HEC-5  are  presented  in  the  Appendix,  bound  separately.  A 
description  of  the  support  programs  used  with  HEC-5  also  can  be  found  in 
the  Appendix.  All  the  computer  results  are  on  magnetic  tape  supplied  to 
the  St.  Paul  District. 
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SECTION  1 
BACKGROUND 


This  study  has  been  performed  by  Anderson-Nichols  &  Co.,  Inc.  under 
contract  to  the  U.S.  Army  Corps  of  Engineers,  St.  Paul  District;  Contract 
Number  DACW37-81-C-Q027.  The  study  results  are  to  be  used  to  assist  the 
Corps  in  preparing  a  Stage  III  Feasibility  Report  for  the  Mississippi 
River  Headwaters  Lakes  Study. 

SCOPE  OF  WORK 

The  contract  Scope  of  Work  is  included  in  Appendix  A.  Briefly,  the 
work  effort  under  this  contract  is  directed  towards  reevaluating  the 
effects  of  four  reservoir  operating  plans  already  developed  in  a  previous 
contract  and  six  additional  operating  plans  for  the  six  Mississippi  River 
Headwaters  Dams  -  Winnibigoshish,  Leech,  Pokegama,  Sandy,  Pine,  and  Gull. 
The  previous  work  which  was  accomplished  by  the  St.  Anthony  Falls 
Hydraulic  Laboratory,  University  of  Minnesota  (SAFHL) ,  utilized  an  early 
version  of  the  Hydrologic  Engineering  Center's  (HEC)  HEC-5c  Computer 
Program. 


This  work  is  based  upon  the  current  version  of  hec-5»  a  new 
statistical  program  for  time  series  data  frequency  analysis,  and  the  HEC 
Expected  Annual  Flood  Damage  Program.  The  computer  results  provide  the 
hydraulic  and  economic  effects  of  implementing  each  of  the  evaluated 
plans. 

The  four  reevaluated  plans  are: 

Plan  1  -  Present  Operating  Plan 

Plan  2  -  Low  Flow  Plan,  1,600  cfs  at  Anoka 

Plan  3  -  High  Flow  Plan 

Plan  4  -  Natural  Flow  Plan 


The  six  new  plans  are: 


Plan  5  - 

Plan  6  - 

Plan  7  - 

Plan  8  - 

Plan  9  - 

Plan  10  - 


Low  Flow  Plan  -  2,275  cfs  at  Anoka 
Low  Flow  Plan  -  4,800  cfs  at  Anoka 
Hydropower  Plan 

Minimize  Lake  Property  Damage  Plan 
Conservation  Plan 
Sandy  Lake  Plan 


In  addition,  a  sensitivity  analysis  was  performed  on  the  reservoir 
elevation  -  area  -  capacity  relationships  to  test  the  impact  of  potential 
inaccuracy  on  expected  results  for  the  evaluated  operating  plans. 

MISSISSIPPI  RIVER  HEADWATERS  AREA 

The  Mississippi  River  Headwaters  Area  lies  in  the  State  of 
Minnesota.  Beginning  at  Lake  Itaska  in  Northwest  Minnesota,  the  river 
flows  through  relatively  flat  terrain  for  a  headwaters  region  with  numer¬ 
ous  lakes  and  low  wetlands.  The  U.S.  Army  Corps  of  Engineers  constructed 
dams  on  six  of  these  lakes  during  the  period  1881  to  1913.  They  were 
initially  constructed  for  navigation  and  logging;  however,  over  the  years 
competing  uses  such  as  flood  reduction  and  recreation  have  been  incorpor¬ 
ated  into  the  reservoir  operation  plans.  This  study  evaluates  the  effect 
of  alternative  plans  on  the  controlled  lakes  as  well  as  selected  stream 
locations  down  to  St.  Paul,  Minnesota. 

The  total  drainage  basin  above  St.  Paul  is  19,400  square  miles  (does 
not  include  Minnesota  River  Basin).  A  general  location  map  of  the  area 
is  shown  in  Figure  1-1.  General  operating  data  for  the  six  Mississippi 
River  Headwaters  Reservoirs  is  shown  in  Figure  1-2  and  Figure  1-3. 

PREVIOUS  WORK 

The  most  recent  work  was  performed  by  the  St.  Anthony  Falls 
Hydraulic  Laboratory  under  contract  to  the  St.  Paul  District  Corps  of 
Engineers.  Their  report,  "The  Effects  of  Different  Operating  Plans  for 
the  Six  Mississippi  River  Headwaters  Dams,"  dated  August  1979  (see  Refer¬ 
ence  1)  provides  much  of  the  base  data  used  for  this  study.  The  results 
of  this  work  was  incorporated  into  the  St.  Paul  District  Corps  of  Engine¬ 
ers  "Stage  2  Summary  Report,  Mississippi  River  Headwaters  Lakes  Study" 
(Reference  2). 

Studies  and  reports  concerning  the  Headwaters  Area  date  back  to  the 
1870's.  The  Corps  Stage  2  Summary  Report  provides  a  good  summary  of 
recent  work  on  pages  6-10  (Reference  2). 

HEC-5  PROBLEMS 

The  previous  study  conducted  by  the  St.  Anthony  Falls  Hydraulic 
Laboratory  found  a  number  of  problems  (Reference  1;  Appendices  H,  L,  M,  P) 


when  trying  to  use  and  modify  the  newly  released  (1979)  HEC-5  computer 
program  on  their  computer  system.  The  SAFHL  study  experienced  a  number 
of  problems  that  were  never  completely  resolved.  SAFHL  completed  their 
report  but  never  had  a  complete,  working  version  of  HEC-5.  Thus,  prior 
to  our  attempt  to  use  HEC-5,  the  most  recent  version  of  the  program  was 
revised  by  the  Hydrologic  Engineering  Center  (REC)  in  Davis,  California, 
to  ensure  that  the  reservoir  operation  logic  was  performing  properly. 
This  revision  of  the  program  was  completed  in  the  autumn  of  1981  by  HEC 
and  by  the  end  of  the  year  a  number  of  plans  had  been  analyzed  using  the 
results  produced  by  HEC-5. 

A  review  of  the  HEC-5  results  in  January  1982  revealed  some  cases 
where  the  program  was  incorrectly  operating  the  tandem  reservoirs 
(Winnibigoshish  and  Leech)  at  the  upstream  end  of  the  watershed.  The 
identification  of  this  problem  (and  later  others)  in  the  HEC-5  program 
started  an  iterative  process  of  HEC-5  output  review,  problem 
identification,  correction  of  the  problem  by  HEC,  and  the  rerunning  of 
plans.  Each  problem  was  corrected  by  HEC  and  all  corrections  were  made 
prior  to  the  final  computer  runs  of  Che  study  plans,  except  for  the  last 
problem  discovered.  This  problem,  discovered  in  the  Plan  2  results, 
affects  the  ability  of  the  reservoirs  to  meet  low  flow  requirements  at 
Anoka  during  monthly  simulations.  This  problem  was  not  identified  until 
most  of  the  computer  analysis  of  Che  plans  was  completed  and  was  not 
corrected  by  HEC  until  after  the  St.  Paul  District  decided  that 
Anderson-Nichols  should  wait  no  longer  to  complete  the  computer  analysis 
of  all  of  the  plans.  Therefore,  the  HEC-5  problem  is  present  in  the 
results  of  Plans  2,  5,  and  6,  and  its  effects  on  these  results  are 

discussed  in  the  appropriate  section  for  each  plan. 
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SECTION  2 
APPROACH 


OVERVIEW 

The  analysis  of  altecnative  reservoir  operation  plans  was  performed 
using  computer  simulation.  The  Headwaters  area  of  the  Mississippi  River 
Basin,  ending  at  St.  Paul.  Minnesota,  was  represented  by  11  control 
points  (CP),  river  locations  where  hydrologic  information  is  accumulated, 
as  follows: 

Reservoirs 

CPI  Winnibigoshish 

CP2  Leech 

CP3  Pokegama 

CP4  Sandy 

CP7  Pine 

CP8  Gull 

River  Stations 

CPS  Libby 

CPS  Aitkin 

CP9  Royalton 

CP10  Anoka 

CPU  St.  Paul 


Control  point  location  is  shown  on  the  basin  map.  Figure  2-1.  A 
schematic  diagram  is  shown  in  Figure  2-2.  .  Hydrologic  simulation  was 
performed  using  HEC-5,  Simulation  of  Flood  Control  and  Conservation 
Systems.  In  general,  simulation  of  a  given  reservoir  operating  plan  pro¬ 
ceeds  in  the  following  manner: 

Input  Data: 

•  Physical  characteristics  and  operating  parameters  for 
each  reservoir  control  point 

•  Parameters  for  each  river  station  control  point 

•  Routing  parameters  between  control  points 

•  Flow  hydrographs  at  each  control  point  (local  flow 
from  contributing  area  below  next  upstream  control 
point) 

Computation : 

•  Simulation  is  performed  through  the  time  period 
represented  by  flow  hydrographs. 

•  Reservoir  outflow  hydrographs  are  based  upon  reservoir 
operating  specifications  contained  in  input  data. 
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•  Simulation  begins  at  the  most  upstream  station, 
Winnibigoshish ,  and  proceeds  downstream  by  routing  the 
upstream  control  point  computed  hydrograph  value  to 
the  next  downstream  control  point,  combining  with  the 
downstream  control  point's  local  flow  hydrograph  value 
for  the  current  time  period,  routing  to  the  next  down¬ 
stream  control  point,  etc.,  and  continuing  until  the 
computed  hydrograph  is  developed  for  all  control 
points  for  the  current  time  period.  Simulation  pro¬ 
ceeds  in  this  manner  through  all  time  periods. 

Output : 

•  Input  data  are  organized  and  displayed. 

•  Reservoir  conditions  and  release  logic  are  displayed 
for  each  reservoir  for  all  time  periods. 

•  Flow  hydrographs  are  displayed  at  each  control  point 
including  natural  flow  (no  reservoir  regulation  Plan  4 
only),  regulated  flow  (reservoirs  operating),  and 
local  flow. 

Computer  simulation  was  performed  for  each  alternative  reservoir 
operating  plan  using  monthly  flow  data  for  the  period  January  1930 
through  December  1976,  47  years  (564  periods).  During  periods  of  extreme 
high  flow,  daily  flow  hydrographs  (for  an  entire  month,  or  months)  were 
simulated  to  refine  the  monthly  flow  simulation  results.  This  was  per¬ 
formed  for  the  single,  largest  flow  event  in  each  of  the  most  extreme  20 
years. 


The  hydrologic  simulation  was  followed  by  a  statistical  analysis 
using  expected  probability  and  Weibull  plotting  positions  (annual  proba¬ 
bility  of  exceedance)  of  the  refined  monthly  time  series  results: 

high  stage  at  each  of  the  six  reservoirs, 
low  stage  at  each  of  the  six  reservoirs, 
high  flow  at  Aitkin,  and 
low  flow  at  Anoka. 


The  frequency  results  were  combined  with  damage  data  at  the 
reservoirs  and  Aitkin  in  order  to  compute  the  total  average  annual  damage 
for  the  given  reservoir  operating  plan.  The  cost  of  water  shortage  at 
Anoka  was  computed  by  totaling  the  shortage  in  cfs-days  for  the  period  of 
record  and  applying  a  water  cost  factor. 


COMPUTATIONAL  gCHBg 

Computer  processing  was  performed  on  the  HEC  Harris  500  System  via 
remote  terminal.  Simulation  of  each  reservoir  operating  plan  was  per¬ 
formed  using  four  primary  programs  plus  a  time  series  data  management 
file  system: 

HEC-5  Hydrologic  simulation 
(see  Reference  3) 


MERGE  Monthly  and  daily  time  series  combination 
(see  Appendix  B) 


FATSO  Exceedance  frequency  computation 
(see  Appendix  C) 


EAD  Average  Annual  Damage  Computation 

(see  Reference  4) 


HEC-DSS  Time  series  file  management 
(see  Appendix  D) 


Simulation  computations  for  a  given  reservoir  operating  plan 
proceeded  in  the  following  manner: 

Step  1  HEC-5  -  Monthly  flow  simulation  is  performed  for 
period  of  record  1930-1976.  Time  series 
results  (elevation  at  reservoirs  and  flow 
at  Aitkin  and  Anoka)  are  written  to  HEC- 
DSS. 

Step  2  HEC-5  -  Daily  flow  simulation  is  performed  for 
each  extreme  event  (20  events,  one  per 
year)  .  The  same  time  series  results  as 
Step  1  are  written  to  HEC-DSS.  Initial 
reservoir  storage  for  each  daily  event  is 
taken  from  results  of  monthly  simulation 
in  Step  1. 

Step  3  MERGE  -  Monthly  and  daily  time  series  results  are 
read  from  HEC-DSS.  Monthly  simulation 
results  are  replaced  by  extreme  daily 
simulation  results  for  each  month  where 
both  daily  and  monthly  simulation  were 
performed  in  Steps  1  and  2.  Revised 
monthly  simulation  results  are  written  to 
HEC-DSS. 


Step  4  FATSO  -  Revised  monthly  time  series  are  read  from 
HEC-DSS.  The  following  annual  frequency 
relationships  are  computed  (percent 
chance  of  exceedance): 

•  High  Stage  at  Reservoirs  (May-Sept  only) 

•  Low  Stage  at  Reservoirs  (May-Sept  only) 

•  High  Flow  at  Aitkin 

•  Low  Flow  at  Anoka 

Step  5  PLOT  -  An  HEC  utility  plot  program  is  used  to 

plot  reservoir  stage  versus  time  for  each 
reservoir  and  flow  versus  time  for  Aitkin 
and  Anoka  over  the  period  of  record, 
1930-1976. 

Step  6  EAD  -  Average  annual  damage  is  computed  using 

frequency  relationships  generated  at  Step 
4  plus  given  damage  relationships: 

•  High  Stage  at  Reservoirs 

•  Low  Stage  at  Reservoirs 

•  High  Flow  at  Aitkin 

Average  Annual  Cost  due  to  not  meeting 
low  flow  requirements  at  Anoka  are  com¬ 
puted  by  totaling  shortage,  dividing  by 
number  of  years  of  record  and  multiplying 
by  a  cost  factor  ($385  per  cfs-day) 
(Reference  1,  p.  34). 


A  schematic  of  the  computation  sequence  is  shown  in  Figure  2-3. 
RESERVOIR  OPERATION  LOGIC 

An  explanation  of  the  HEC-5  decision  criteria  for  determining 
reservoir  releases  is  contained  in  the  Users  Manual  (see  Reference  3,  pp. 
12-18,  and  Exhibit  3) .  For  this  study,  five  index  levels  (reservoir 
storage  levels)  are  used: 

Level  5  -  Top  of  Flood  Control  Pool 
Level  4  -  Top  of  Conservation  Pool 

Level  3  -  Reservoir  Balancing  Level  used  to  bring 

reservoirs  to  summer  target  level 

Level  2  -  Top  of  Buffer  Pool 

Level  1  -  Top  of  Inactive  Pool 


In  general,  reservoirs  operate  to  satisfy  downstream  requirements  such  as 
flood  prevention  or  maintenance  of  specified  minimum  flows  as  well  as 
specific  requirements  at  the  reservoir  including  keeping  a  system  of  two 
or  more  reservoirs  in  balance  (based  upon  equal  index  levels).  Reservoir 
operation  is  performed  within  the  specified  physical  constraints  at  the 
reservoir  site.  Briefly,  the  following  release  rules  apply: 
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Pool 

Between  Index  Levels 

Rule 

Buffer 

1-2 

Releases  are  made  equal  to  or 
greater  than  minimum  required  flow 

Conservation 

2-4 

Releases  are  made  equal  to  or 
greater  than  minimum  desired  flow 

Flood  Control 

4-5 

Releases  are  only  made  if  they 
will  not  contribute  to  downstream 
flooding  (Level  4  is  the  target 
level;  where  possible,  reservoir 
levels  are  maintained  at  this 
target  by  adjusting  releases) 

Surcharge 

Above  5 

Releases  are  made  up  to  outlet 
capacity  to  bring  index  level  back 
to  5  as  quickly  as  possible. 

LOCAL  FLOW  HYDROGRAPHS 

The  local 

flow  hydrographs  at 

each  control  point  used  during 

computer  simulation  were  the  same  as  used  by  SAFHL  during  their  previous- 
study.  The  reservoir  inflow  hydrographs  were  developed  by  SAFHL  using  a 
reverse  routing  procedure  based  upon  storage  and  outflow  records  (see 
Reference  2).  The  SAFHL  Study  simulated  reservoir  operation  during  the 
period  January  1932  through  December  1976. 


The  critical  low-flow  period  occurs  from  1930-1938;  therefore,  this 
study  initiated  simulation  in  January  1930.  SAFHL  had  developed  reserv¬ 
oir  inflow  hydrographs  (monthly)  for  1930  and  1931  using  the  same  proced¬ 
ure  as  used  to  compute  values  from  1932-1976.  These  hydrographs  were 
used.  The  remaining  local  flow  hydrographs  for  1930  and  1931  were  devel¬ 
oped  during  this  study. 


Local  flow  values  for  1930  and  1931  were  developed  at  Anoka  and 
Aitkin  since  direct  gage  data  was  not  available.  The  Anoka  flows  are 
based  on  USGS  data  at  Elk  River,  St.  Paul,  and  Mankato.  Flows  at  Anoka 
were  calculated  using  an  average  of  the  proportional  area  relationships 
between  the  three  USGS  stations  and  Anoka.  This  equation  is: 

Anoka  *  0.5  [1.08  (Elk  R)  +  0.86  (St.  Paul-Mankato) ] 


An  attempt  was  made  to  compute  Aitkin  flows  in  a  similar  manner 
using  USGS  data  at  Libby  (below  Sandy),  Royalton,  and  Elk  River.  These 
relationships  produce  too  much  variability;  therefore,  this  method  was 


not  used.  Flow  at  Aitkin  was  determined  by  multiplying  the  average  unit 
area  flow  (cfs/mi2)  of  the  three  USGS  stations  by  the  tributary  area  at 
Aitkin. 

>  • 

The  results  of  this  process  plus  gage  records  at  Libby,  Royalton, 

and  St.  Paul  provided  the  remaining  cumulative  flow  hydrographs.  Local 
flow  hydrographs  (monthly)  were  then  computed  for  each  control  point  by 
subtracting  the  next  upstream  control  point  cumulative  hydrograph  (or  sum 
^  of  multiple  upstream  hydrographs  if  two  or  more  control  points  are  * 

directly  routed  to  the  downstream  control  point)  from  the  downstream 
control  point  cumulative  hydrograph.  When  the  upstream  control  point  is 
a  reservoir,  the  reservoir  outflow  hydrograph  (actual)  was  used. 
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Computational  Sequence  Schematic  Diagram 


SECTION  3 
CRITERIA 


This  section  provides  criteria  used  in  the  computer  simulation  and 
analysis  which  generally  applies  to  all  alternative  reservoir  operating 
plans.  Criteria  which  are  plan  specific  are  described  in  the  appropriate 
Sections*  4  through  14. 

RESERVOIR  DATA 

Reservoir  criteria  include  data  describing  physical  capacity  and 
outlet  capacities  as  well  as  operational  criteria. 


Reservoir  Operation  Control  Points 

During  the  HEC-5  simulation  modeling,  all  reservoirs  are  operated 
for  criteria  and  constraints  at  their  location  (reservoir  control  point 
criteria) .  In  addition,  certain  reservoirs  are  operated  to  satisfy  down¬ 
stream  control  point  conditions  as  follows: 

Reservoir 

Control  Operated 

Point  for 

1  Winnibigoshish  3  Pokegama 

2  Leech  3  Pokegama 


Reason 

Tandem  reservoir  operated  to  keep  the 
three  reservoir  system  (Winni,  Leech,  and 
Pokegama)  in  balance.  Applies  to  all 
plans  except  Natural  Plan,  Plan  4. 

Same  as  above. 


3  Pokegama  6  Aitkin  Flood  control  requirements  at  Aitkin. 

Operates  to  keep  total  flow  at  Aitkin 
below  channel  capacity.  All  plans  except 
Natural  Plan,  Plan  4,  and  Minimize  Lake 
Property  Damage  Plan,  Plan  8. 


10  Anoka  Low  flow  requirements  at  Anoka.  Operates 
to  maintain  flow  at  or  above  low-flow 
requirement  for  Plan  2,  1,600  cfs;  Plan 

5,  2,275  cfs;  Plan  6,  4,800  cfs. 

4  Sandy  6  Aitkin  Flood  control  requirement  at  Aitkin,  same 

as  Pokegama  operation. 


Initial  Storage 

The  initial  reservoir  storage  values  in  January  1930  were  set  to  the 
given  plan  target  level  specified  by  index  Level  3  and  4  (index  Levels  3 
and  4  are  always  set  at  same  elevation  in  January) .  This  would  be  the 
expected  level  if  the  given  plan  criteria  had  governed  reservoir  operation 
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in  1929  which  was  a  relatively  normal  year.  The  initial  reservoir 
storage  values  for  daily  simulation  events  were  set  to  the  end-of-period 
value  for  the  previous  month  which  was  computed  during  the  monthly 
simulation  for  the  given  plan. 

Minimum  Desired  Plow.  Minimum  Required  Flow 

HEC-5  makes  reservoir  releases  to  keep  flows  at  or  above  the  minimum 
desired  flow  until  reservoir  storage  diminishes  to  Level  2.  The  reserv¬ 
oirs  keep  flows  at  or  above  the  minimum  required  flow  until  storage  drops 
to  Level  1.  The  minimum  required  flow  at  Anoka  is  dependent  on  the 
specific  operating  plan.  These  flow  requirements  are  listed  in  Table  3-1. 

TABLE  3-1 


MINIMUM  DESIRED  FLOW,  MINIMUM  REQUIRED  FLOW 

Minimum 

Minimum 

Reservoir 

Desired  Flow  (cfs) 

Required  Flow 

w i nni bigoshi sh 

100 

50 

Leech 

100 

50 

Pokegama 

200 

100 

Sandy 

20 

10 

Pine 

30 

10 

Gull 

20 

10 

Low  Flow  Plans 

Anoka,  Plan  2 

1,600 

Anoka,  Plan  5 

2,275 

Anoka,  Plan  6 

4,800 

Reservoir  Forecast/Contingency 

Reservoir  releases  for  daily  flows  are  based  upon  forecasted 
conditions  four  periods  in  the  future  with  a  10  percent  contingency 
allowance  for  forecast  error.  This  criteria  is  used  for  daily  flow 
simulation. 

Reservoir  Outflow,  Maximum  Rate  of  Change 

The  maximum  rate  of  change  of  reservoir  outflow  from  one  period  to 
the  next  is  equal  to  50  percent  of  the  downstream  channel  capacity  under 
normal  operating  conditions.  This  criteria  is  used  for  daily  flow 
simulation. 
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Reservoir  Area  -  Capacity  Curves 

Reservoir  elevation  versus  area  versus  storage  capacity  curves  are 
shown  on  Figures  3-1  through  3-6. 


I  Reservoir  Elevation  -  Discharge  Capacity  Curves 

Reservoir  elevation  versus  maximum  discharge  capacity  of  outlet 
works  is  shown  on  Figures  3-7  through  3-12. 

I  *  RIVER  DATA 

[  “ 

Routing  Criteria 

The  routing  of  daily  streamflow  between  control  points  uses  the 
£  straddle-stagger  method.  The  number  of  ordinates  to  be  straddled  and 

staggered  for  each  channel  reach  are  shown  in  Table  3-2.  Mo  routing  is 
performed  for  monthly  flow  period  simulation. 


TABLE  3-2 t  ROOTING  CRITERIA  VALDES 


9 


9 


4 


4 


Upstream 

Downstream 

Straddle  Stagger  Criteria 

Control 

Control 

(Ordinates  Straddle. 

Point 

Point 

Ordinates  Staaaered) 

1 

3 

5.3 

2 

3 

5.3 

3 

5 

3.1 

4 

5 

1* 

5 

6 

1.1 

6 

9 

4.2 

7 

9 

5.2 

8 

9 

3.2 

9 

10 

2.4 

10 

11 

1.1 

♦There  is  no  routing  between  4  and  5  (Sandy  and 
Libby) .  The  distance  is  too  short. 


» 


f 


4 


4 
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Channel  Capacity 

For  each  control  point,  a  nondamage  maximum  channel  capacity  is 
specified.  The  program  will  use  all  upstream  reservoirs  (specified  to 
operate  for  the  given  control  point)  to  prevent  or  reduce  flows  beyond 
the  channel  capacity,  until  Level  5  (top  of  flood  control  pool)  is 
reached.  When  any  reservoir  reaches  Level  5,  it  increases  discharge  to 
stay  at  or  below  Level  5.  Channel  capacities  are  listed  in  Table  3-3. 

TABLE  3-3 


CHANNEL  CAPACITY 


Reservoir  Outlets: 


Winnibigoshish  Outlet  Channel 


Leech 


Pokegama 

Sandy 


2, 000  cf s 
1,500  cf  s 
6,  000  cfs 
1,000  cfs 
1,620  cfs 
950  cfs 


River  Stations: 
Libby 
Aitkin 
Royalton 
Anoka 
St.  Paul 


no  max  specified 
11,200  cfs 
no  max  specified 
no  max  specified 
no  max  specified 


No  maximum  channel  capacities  were  established  for  Libby,  Royalton, 
Anoka,  and  St.  Paul  because  reservoir  operation  is  not  based  upon  high 
flow  conditions  at  these  control  points. 


Aitkin  Stage  -  Discharge  Curve 

Figure  3-13  is  a  log-log  plot  of  the  rating  curve  for  the 
Mississippi  River  at  Aitkin  based  on  published  data  from  the  U.S. 
Geological  Survey.  The  datum  of  the  stage  recorder  was  lowered  three 
feet  on  30  September  1967  to  eliminate  negative  stage  readings.  This 
relationship  reflects  stage  versus  total  flow  in  the  river  and  diversion 
channel. 
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ECONOMIC  DATA 


The  economic  data  provides  a  means  to  compare  damages  at  the  6  lakes 
and  Aitkin  and  water  shortage  cost  associated  with  low  flow  requirements 
at  Anoka. 

Stage-Damage  at  Reservoirs 

The  stage-damage  at  the  six  reservoirs  was  taken  from  the  figures 
presented  in  the  SAFHL  Report.  Elevation-damage  curves  were  derived 
using  1977  prices  and  show  both  low  and  high  water  damage  relationships. 
These  reservoir  stage  damage  curves  are  presented  in  Figures  3-14  through 
3-19. 

Stage-Damage  at  Aitkin 

The  stage-damage  relationship  at  Aitkin  has  been  modified  by  the  St. 
Paul  District  from  that  used  in  the  SAFHL  Study.  The  curve  is  a  compos¬ 
ite  of  rural  crop  damages  for  each  month  during  the  growing  season  plus 
urban  area  damages.  This  damage  curve  is  shown  in  Figure  3-20.  The 
channel  capacity  used  by  HEC-5  for  flood  control  operation  by  reservoirs 
is  11,200  cfs  (approximately  15.0  ft  stage  which  is  the  nondamage  stage 
for  urban  damages) . 

Low  Flow  Cost  at  Anoka 

The  Anoka  low  flow  cost  is  based  on  the  cost  to  the  Twin  Cities  area 
for  water  supply  if  flows  drop  below  the  low  flow  plan  requirements  at 
Anoka.  The  cost  is  calculated  using  the  value  of  $385  per  cfs-day  for 
water  that  must  be  supplemented  to  maintain  the  required  flow.  This  is 
equivalent  to  $0.60  per  1,000  gallons,  which  is  the  consumer  cost  of 
Minneapolis  water  supplied  to  customers  outside  of  the  city  (Reference  1, 
p.  34)  .  For  a  given  plan,  the  total  cost  for  the  simulated  period  of 
record  is  divided  by  the  total  number  of  years  (47  years)  to  arrive  at 
the  average  annual  cost.  For  each  low  flow  plan  (Plans  2,  5,  and  6) , 
this  cost  can  be  compared  to  the  Anoka  low  flow  cost  computed  for  Plan  1 
based  upon  the  same  low  flow  requirement  to  determine  the  net  benefit 
(cost  reduction).  This  benefit  can  then  be  compared  to  the  increase  in 
average  annual  damage  at  the  reservoirs  and  Aitkin  (difference  between 
low  flow  plan  and  Plan  1)  which  is  caused  by  operating  Winnibigoshish, 
Leech,  and  Pokegama  for  the  low  flow  requirement. 


FIOW  DATA 


As  explained  in  Section  2,  simulation  was  performed  for  both  monthly 
flow  data  and  selected  daily  flow  periods  for  the  20  largest  annual 
events.  The  flow  hydrographs  were  the  same  as  used  by  SAFHL  (Reference 
1)  except  the  monthly  flow  values  for  the  years  1930  and  1931.  Table  3-4 
provides  the  time  periods  for  each  set  of  flow  data.  Daily  data  is  used 
for  each  day  in  specified  month. 


Daily  Periods 
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SECTION  4 

PLAN  1  -  PRESENT  OPERATING  PLAN 


OBJECTIVE 

This  plan  simulates,  as  closely  as  possible,  the  current  reservoir 
operation  rules  used  by  the  St.  Paul  District.  The  hydrologic  and  eco¬ 
nomic  results  form  the  baseline  upon  which  other  plans  are  measured. 

DISCUSSION 

This  is  a  reevaluation  of  the  work  performed  by  SAFHL  and  conforms 
to  the  description  provided  in  their  final  report  (Reference  1,  pp. 
36-45).  Although  computer  simulation  can  duplicate  operations  in  most 
respects,  there  are  certain  criteria  which  cannot  be  exactly  duplicated 
as  identified  in  the  SAFHL  report  (Pokegama-Sandy-Aitkin  rule  curve,  plan 
modification  based  upon  long-range  spring  melt  predictions  and  backwater 
effects).  The  HEC-5  simulation  does  approximate  these  effects  so  that 
the  results  are  within  the  overall  accuracy  range  of  the  basic  data  ele¬ 
ments.  Simulation  results  are  a  good  measure  of  relative  difference 
between  plans  since  all  plans  experience  the  same  simulation  limitations. 

The  Present  Operating  Plan  follows  the  reservoir  index  level 
criteria  specified  in  Figures  4-1  through  4-6.  A  similar  representation 
is  provided  for  all  plans  in  following  sections  of  this  report.  The 
basic  reservoir  operating  procedure  is  to  draw  reservoirs  down  to  lower 
levels  during  the  fall  and  let  them  rise  to  summer  target  levels  during 
the  late  spring.  This  process  is  simulated  using  index  Levels  3  and  4  as 
shown  on  these  figures. 

RESULTS 

Since  the  simulation  was  initiated  in  1930,  the  reservoir  storage 
levels  in  January  1932  differ  from  the  initial  storage  values  assumed  by 
SAFHL.  As  a  result,  the  simulated  values  in  this  study  differ  from  SAFHL 
results  during  the  early  1930's  but  quickly  converge  and  approximate  the 
SAFHL  results  thereafter.  There  are  some  differences  due  to  slightly 
revised  specifications  at  the  reservoirs  and  a  revised  damage  curve  for 
Aitkin.  These  revised  specifications  include  lowering  Winnibigoshish 
Reservoir  summer  operating  limits  by  one  foot  (see  Figure  3-14)  and 
updating  the  elevation-discharge  capacity  curves  for  the  six  reservoirs 
(Figures  3-7  through  3-12). 


Hydraulic  Results 

The  hydraulic  results  for  each  plan  are  extensive.  Details  can  be 
found  in  the  HEC-5  computer  output  (provided  on  computer  tape)  for  both 
monthly  flow  and  daily  flow  simulations.  This  output  displays  the  fol¬ 
lowing  information  for  each  time  period  in  the  simulation: 

For  each  reservoir  - 
inflow 
outflow 

end-of-period  storage 
level  (index  level) 
elevation 

case  (criteria  for  reservoir  release) 

For  Aitkin  - 

channel  capacity 
regulated  flow 

cumulative  local  flow  (from  all  nonreservoir  drainage 
areas) 

change  (flow  contribution  from  reservoirs) 
elevation 

For  Anoka  - 

regulated  flow 
cumulative  local  flow 
change 

minimum  required  flow 

shortage  (only  meaningful  for  low  flow  plans) 

For  Libby,  Royalton,  and  St.  Paul  - 
regulated  flow 
cumulative  local  flows 

A  summary  of  annual  maximum  and  minimum  elevations  at  reservoirs, 
annual  maximum  flow  at  Aitkin,  and  annual  minimum  flow  at  Anoka  is  pro¬ 
vided  in  tables  in  Appendix  E.  A  plot  of  reservoir  elevation  versus  time 
is  also  included  in  Appendix  E  for  each  reservoir  along  with  streamflow 
at  Aitkin  and  Anoka.  This  information  represents  the  revised  monthly 
time  series  values  (combination  of  monthly  and  daily  simulation  results). 
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Frequency  Results 

Frequency  relationships  based  upon  the  47  years  of  simulated  record 
are  provided  on  Figures  4-7  through  4-14  for  high  stage  at  reservoirs, 
low  stage  at  reservoirs,  high  flow  at  Aitkin,  and  low  flow  at  Anoka. 
Note  that  the  high  stage  and  low  stage  curves  cross  with  the  high  stage 
curve  always  sloping  down  from  right  to  left  (low  frequency  to  high  fre¬ 
quency)  and  the  low  stage  curve  sloping  upward  from  right  to  left. 

At  times,  the  curves  are  horizontal  for  a  range  of  frequencies. 
This  is  the  result  of  the  high  or  low  stage  reaching  a  constant  value  for 
a  large  number  of  years.  This  constant  stage  value  usually  (but  not 
always)  occurs  at  an  index  level  stage.  High  stage  values  are  controlled 
by  the  HEC-5  reservoir  operation  policy  to  not  exceed  Level  4,  except  in 
peak  flood  periods  when  stage  values  may  rise  to  Level  5.  Stage  values 
rarely  exceed  Level  5  for  any  of  the  reservoirs  (only  Sandy  Reservoir  was 
simulated  by  HEC-5  to  exceed  the  Level  5  stage)  because  of  HEC-5  policy 
of  producing  surcharge  routing  to  maximum  outlet  capacity  to  draw  down 
the  reservoir  stage  to  Level  5  when  it  went  above  this  index  level. 
Horizontal  low  stage  lines  occur  less  frequently  than  for  high  stages  and 
are  found  at  two  general  levels.  Low  stage  non-exceedance  frequency 

results  in  the  range  of  80  to  99  percent  occur  often  at  index  Level  4. 
These  results  are  for  the  peak  flood  years  when  the  minimum  reservoir 

stage  does  not  drop  below  Level  4  for  the  seasonal  period  of  May  through 
September.  The  second  general  occurrence  of  constant  low  stage  values 
(horizontal  frequency  line)  is  found  between  Levels  2  and  3.  These 
constant  stage  values  are  a  result  of  the  HEC-5  monthly  simulation 
results  when  the  program  calculates  an  average  stage  value  for  the 

month.  The  lowest  low  stage  values  are  often  found  in  May  when  they  are 
the  average  of  the  end  of  April  and  the  end  of  May.  April  low  stages  are 
usually  lower  than  May  and  correspondingly  influence  the  low  stage 
frequency  results,  although  they  are  outside  the  target  period  of  May 
through  September.  This  effect  on  the  frequency  results  was  due  to  the 
elevation/stage  averaging  procedure  in  HEC-5. 

The  frequency  results  at  the  extremes  of  the  curves  are  extrapolated 
from  the  Weibull  plotting  positions  produced  by  the  FATSO  program.  When 
necessary,  the  program  extrapolates  the  plotting  positions  past  the  observed 
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data  to  extend  the  frequency  results  to  the  0.2  precent  probability  level. 
This  has  been  done  for  each  reservoir  for  each  plan. 

The  Weibull  plotting  positions  produced  by  FATSO  were  not  always 
used  to  draw  the  frequency  curves  at  the  extreme  probabilities. 
Judgement  was  used  at  the  extremes  of  the  curves  (90  to  99  percent  and  10 
to  0.2  percent  levels)  to  determine  the  expected  elevation  for  the 
appropriate  frequency.  These  revised  frequency  results  were  then  used  in 
the  EAD  program  to  calculate  the  average  annual  damage  for  each  reservoir. 

The  frequency  curves  were  revised  for  two  reasons.  Extrapolation  of 
the  curves  to  the  extreme  frequency  values  by  FATSO  used  the  two  most 
extreme  Weibull  plotting  positions  at  each  end  of  the  curves.  In  some 
cases  this  results  in  frequency  curves  with  unrealistically  high  or  low 
reservoir  elevations.  Each  curve  was  reviewed  to  determine  if  revision 
of  the  curve  at  the  extreme  ends  was  necessary. 

Two  examples  are  shown  where  the  frequency  curves  were  revised 
because  of  unrealistically  high  elevation  values  for  the  high  stage 
curve.  Figure  4-7  shows  the  actual  Weibull  plotting  positions  for  Plan  1 
high  stage  at  Winnibigoshish.  The  highest  reservoir  elevation  produced 
by  HEC-5  at  Winnibigoshish  is  at  1302.0  and  occurred  during  the  1950 
flood.  This  elevation  is  assigned  a  Weibull  probability  of  2.08,  based 
on  47  years  of  HEC-5  data.  This  plotting  position  is  very  probably  in 
error  when  considering  a  longer  period  of  record  and,  in  fact,  is  much 
more  likely  to  be  the  highest  elevation  for  a  longer  return  period.  If 
this  is  true,  then  the  curve  should  be  revised  by  decreasing  the  upward 
slope  of  the  high  stage  curve  at  the  low  exceedance  frequency.  This  was 
done  in  Figure  4-7  and  for  other  frequency  results  where  it  was  judged  to 
better  represent  the  expected  frequency  for  extreme  period  events. 

The  second  example  of  how  the  frequency  curves  were  revised  is  shown 
in  Figure  4-12.  For  this  high  stage  curve  Che  highest  elevation  during 
the  47-year  period  is  1194.8,  which  corresponds  to  Level  5.  Extrapolation 
of  the  Weibull  plotting  points  by  the  FATSO  program  to  determine  1,  0.5, 
and  0.2  percent  exceedance  probabilities  produces  a  rising  straight  line 
based  on  the  actual  elevations  at  4.17  and  2.38  percent  probability 
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This  extrapolation  to  0.2  percent  probability  has  been  revised  based  on 
the  effect  of  the  reservoir  operation  policy  which  attempts  to  release 
all  excess  water  if  the  reservoir  elevation  rises  above  Level  5  (top  of 
flood  control  pool).  It  is  impossible  to  determine  if  and  by  how  much 
the  elevation  may  rise  above  Level  5  at  0.2  percent  exceedance  proba¬ 
bility  (once  in  500  years).  However,  there  is  no  evidence  produced  by 
HEC-5  to  support  raising  the  curve  above  Level  5  as  it  extends  out  to  0.2 
percent  probability.  For  this  reason  the  curve  was  extended  horizontally 
at  the  Level  5  elevation.  This  was  done  for  the  high  stage  curve  in 
Figure  4-12  and  for  other  high  stage  frequency  results  where  appropriate. 


Economic  Results 

Table  4-1  summarizes  economic  computations  and  compares  this 
information  to  results  produced  by  SAFHL  (see  Reference  1,  pg.  149).  It 
should  be  noted  that  average  annual  cost  at  Anoka  represents  the  cost 
associated  with  not  meeting  the  1,600  cfs  requirement.  This  is  not  truly 
a  cost  since  this  plan  is  not  directed  towards  supplying  this  requirement 
as  is  the  case  for  Plan  2  -  Low  Flow,  1,600  cfs  at  Anoka.  The  Plan  1 
value  provides  a  base  to  measure  improvement  achieved  by  Plan  2  and  other 
plans. 


The  comparison  of  this  study's  Plan  1  results  and  those  produced  by 
SAFHL  shows  some  major  differences  in  the  amount  of  average  annual  damage 
for  the  reservoirs  and  at  Aitkin  and  Anoka.  These  differences  are  the 
result  of  the  following  factors: 

(1)  changes  to  HEC-5, 

(2)  refinement  of  the  elevation-damage  curves,  and 

(3)  different  procedures  used  to  calculate  average  annual 
damage 


These  differences  are  not  present  when  comparing  the  other  plans'  results 
with  Plan  1  and  for  this  reason  all  further  comparisons  will  be  made  with 
the  new  Plan  1  results  presented  in  Table  4-1. 


TABLE  4-1 


ECONOMIC  RESULTS 

($1,000) 


AVERAGE  ANNUAL  DAMAGE 

PLAN  1 

SAFHL  PLAN  1 

Winnibigoshish 

High  Sc age 

4.0 

15.0 

Low  Stage 

9.7 

17.5 

Total 

13.7 

32.5 

Leech 

High  Stage 

11.0 

16.8 

Low  Stage 

71.3 

79.3 

Total 

82.3 

96.1 

Pokegama 

High  Stage 

25.0 

62.4 

Low  Stage 

2.8 

6.4 

Total 

27.8 

68.8 

Sandy 

High  Stage 

29.4 

90.3 

Low  Stage 

2.1 

6.5 

Total 

31.5 

96.8 

Pine 

High  Stage 

16.6 

16.6 

Low  Stage 

6.3 

16.8 

Total 

22.9 

33.4 

Gull 

High  Stage 

127.5 

96.2 

Low  Stage 

15.2 

23.9 

Total 

142.7 

120.1 

Aitkin 

High  Flow 

278.6 

309.6 

TOTAL  AAD 

599.5 

757.3 

AVERAGE  ANNUAL  COST  - 

LOW  FLOW  SHORTAGE 

(Below  1,600 

Anoka 
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SECTION  5 

PLAN  2  -  LOW  FLOW  PLAN,  1,600  CFS  AT  ANOKA 


OBJECTIVE 

This  Plan  is  similar  to  Plan  1  with  the  additional  objective  of 
maintaining  flow  at  Anoka  equal  to  or  greater  than  1,600  cfs. 

DISCUSSION 

This  Plan  is  similar  to  the  Present  Operation  Plan,  Plan  1,  in  all 
respects  except  a  minimum  flow  requirement  of  1,600  cfs  at  Anoka.  For 
purposes  of  simulation,  this  is  accomplished  by  operating  Pokegama  for 
the  1,600  cfs  requirement  at  Anoka.  All  other  operating  rules  are  the 
same  as  Plan  1  including  the  reservoir  index  levels  shown  on  Figures  4-1 
through  4-6.  Sandy,  Pine,  and  Gull  are  allowed  to  operate  according  to 
Plan  1  criteria  because  they  have  relatively  small  storage  compared  to 
the  combination  of  Winnibigoshish,  Leech,  and  Pokegama.  As  a  result, 
they  will  not  make  a  significant  contribution  during  low  flow  periods  and 
their  operation  for  this  requirement  would  unduly  increase  damages  at  the 
reservoir  sites. 

RESULTS 

Although  this  is  a  reevaluation  of  Plan  2  work  performed  by  SAFHL, 
the  simulation  results  are  completely  different.  As  expressed  in  the 
SAFHL  report  (see  Reference  1,  pg.  139)  several  monthly  periods  of  water 
shortage  at  Anoka  (flow  below  1,600  cfs)  occurred  from  1932  through  1938; 
however,  the  reservoir  storages  were  not  depleted  which  appeared  to  be 
incorrect. 

An  extensive  revision  of  the  HEC-5  conservation  tandem  reservoir 
operation  logic  was  performed  during  this  study  by  HEC.  HEC-5  program 
code  changes  were  made  to  allow  the  reservoirs  to  properly  respond  to  the 
1,600  cfs  minimum  flow  requirement  at  Anoka.  During  the  testing  phase  of 
the  study,  no  water  shortages  occurred  at  Anoka  during  the  1930-1976 
simulation  period.  However,  when  the  monthly  production  runs  were  later 
made,  it  was  found  that  a  similar  problem  had  been  introduced  and  water 
shortages  were  once  again  observed  at  Anoka  for  three  of  the  564  monthly 
periods.  HEC  was  informed  of  the  problem.  Prior  to  HEC's  correction  of 
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the  problem  the  St.  Paul  District  decided  to  use  the  present  set  of 
results  for  Plan  2  because  of  time  and  money  constraints.  These  results 
include  the  effect  of  the  HEC-5  problem.  Its  influence  on  the  hydraulic, 
frequency,  and  economic  results  is  discussed  below. 

Hydraulic  Results 

A  summary  of  annual  maximum  and  minimum  elevations  at  reservoirs, 
annual  maximum  flow  at  Aitkin,  and  annual  minimum  flow  at  Anoka  is  pro¬ 
vided  in  tables  in  Appendix  F  along  with  a  plot  of  reservoir  elevation 
versus  time  for  each  reservoir  and  streamflow  at  Aitkin  and  Anoka. 
Results  shown  in  the  annual  minimum  flow  table  include  water  shortages  at 
Anoka  due  to  the  HEC-5  problem.  The  minimum  elevations  at  Winnibigoshish, 
Leech,  and  Pokegama  Reservoirs  are  also  affected.  Minimum  elevations  at 
Winnibigoshish  and  Leech  Reservoirs  should  be  lower  in  1934  and  1936,  as 
more  water  should  be  released  to  supply  Pokegama  Reservoir  with  extra 
water  to  meet  the  1,600  cfs  flow  requirement  at  Anoka.  This  additional 
water  may  change  the  minimum  elevations  at  Pokegama  Reservoir,  depending 
on  the  required  release  from  Pokegama  to  supply  Anoka  with  1,600  cfs. 

Frequency  Results 

Frequency  relationships  based  upon  the  47  years  of  simulated  record 
are  provided  on  Figures  5-1  through  5-8  for  high  stage  at  reservoirs,  low 
stage  at  reservoirs,  high  flow  at  Aitkin,  and  low  flow  at  Anoka.  The 
HEC-5  problem  of  not  supplying  Anoka  with  a  minimum  of  1,600  cfs  is 
included  in  the  frequency  curves  for  Winnibigoshish  and  Leech.  Both 
reservoir  frequency  curves  should  be  lower  for  less  frequent  events  (10 
to  2  percent  exceedance  frequency).  Anoka's  low  nonexceedance  frequency 
should  not  drop  below  1,600  cfs,  as  is  shown  in  Figure  5-8. 

Economic  Results 

Table  5-1  summarizes  average  annual  damage  computations  and  compares 
this  information  to  Plan  1,  Present  Operating  Plan.  Plan  2  is  actually 
able  to  fully  meet  the  1,600  cfs  minimum  flow  requirement  at  Anoka  so  the 
low  flow  average  annual  cost  should  be  zero,  not  630.4  thousand  dollars 
as  shown  in  Table  5-1.  The  average  annual  damage  (AAD)  at  Winnibigoshish 
and  Leech  is  also  in  error.  The  low  stage  damage  should  be  greater  for 
both  reservoirs. 
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The  slight  decrease  in  AAD  for  Leech  when  compared  to  the  Plan  1 
results  is  unexpected.  Rather,  one  would  expect  the  ADD  to  increase,  as 
it  does  for  Winnibigoshish  and  Pokegama  Reservoirs  when  compared  to  Plan 
1  AAD  values.  The  Plan  2  frequency  results  for  Leech  Reservoir  (Figure 
5-2)  show  only  minimal  change  from  Plan  1  unlike  Winnibigoshish  (Figure 
5-1)  and  Pokegama  (Figure  5-3)  where  the  Plan  2  low  stage  curves  are  at 
approximately  six  and  four  feet  lower  elevations,  respectively.  A 

detailed  analysis  of  the  HEC-5  monthly  simulation  explains  the 

difference.  The  Plan  1  results  show  that  Winnibigoshish  is  constrained 
from  releasing  additional  flow  to  balance  with  Leech's  lower  levels 
because  Pokegama  is  at  Level  4  for  most  of  the  time.  In  Plan  2  Pokegama 
releases  more  water  to  try  to  supply  a  minimum  of  1,600  cfs  to  Anoka. 
This  lowers  Pokegaraa's  level  and,  in  turn,  allows  Winnibigoshish  to 
release  additional  flow  to  Pokegama.  Winnibigoshish' s  levels  drop  to 

between  Level  1  and  Level  2  and  are  approximately  equal  to  Leech's 
levels.  Leech's  low  stage  levels  and  elevations  change  minimally  between 
Plan  1  and  Plan  2  and  only  in  the  range  of  50  to  10  percent  exceedance 
frequency.  This  change  (higher  Leech  low  stages  in  Plan  2  compared  to 
Plan  l)  results  from  a  difference  in  the  March  1930  Leech  outflow  for  the 
two  plans.  The  conditions  for  the  preceeding  months  at  Winnibigoshish 
and  Leech  are  identical  for  the  two  plans;  the  conditions  at  Pokegama 

differ  only  slightly.  For  Plan  1  Leech  releases  745  cfs  in  March  1930; 
for  Plan  2  the  release  is  100  cfs.  This  results  in  a  difference  in 
elevation  for  the  two  plans  of  approximately  0.2  feet,  with  the  Plan  1 
elevation  lower.  This  difference  affects  the  low  stage  results  for  four 
years  (1930-1933)  before  the  two  plans  coverage  again.  And  this 
difference  produces  the  slightly  higher  low  stage  frequency  curve  and 
correspondingly  smaller  low  stage  AAD  at  Leech  for  Plan  2.  This  also 
demonstrates  the  complexity  and  sensitivity  of  the  decision  process  in 
HEC-5  in  determining  size  of  reservoir  releases. 

The  total  AAD  for  Plan  2  is  only  slightly  higher  than  for  Plan  1, 
and  would  not  be  substantially  higher  even  if  the  HEC-5  problem  was  not 
affecting  the  results.  The  Plan  2  economic  benefits  of  supplying  Anoka 
with  1,600  cfs  are  much  greater  than  the  total  AAD  at  the  reservoirs  and 
Aitkin.  Using  the  rate  of  $385  per  cfs-day,  the  benefit  gained  by  Plan  2 
over  Plan  1  is  worth  $2,559.5  thousand. 
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TABLE  5-1 

ECONOMIC  RESULTS 
(tl.OOO) 


• 

AVERAGE  ANNUAL  DAMAGE 

PLAN  2 

PLAN  1 

• 

Winnibigoshish 

High  Stage 

4.0 

4.0 

• 

Low  Stage 

16.6 

9.7 

a.  . 

• 

Total 

20.6 

13.7 

Leech 

High  Stage 

10.6 

11.0 

• 

Low  Stage 

66.5 

71.3 

• 

Total 

77.1 

82.3 

Pokegama 

High  Stage 

24.9 

25.0 

Low  Stage 

8.1 

2.8 

• 

Total 

33.0 

27.8 

Sandy 

High  Stage 

29.4 

29.4 

6 

Low  Stage 

2  a 

2.1 

V 

Total 

31.5 

31.5 

Pine 

High  Stage 

16.6 

16.6 

, 

• 

_• 

Low  Stage 

6.3 

6.3 

Total 

22.9 

22.9 

Gull 

% 

High  Stage 

127.5 

127.5 

• 

Low  Stage 

15.2 

15.2 

Total 

142.7 

142.7 

Aitkin 

% 

High  Flow 

278.6 

278.6 

TOTAL  AAD 

606.4 

599.5 

AVERAGE  ANNUAL  COST  -  LOW 

FLOW  SHORTAGE 

(Below  1,600  cfs) 

% 

Anoka 

• 

Low  Flow 

630.4* 

3,189.9 

*8bould  actually  be  0.0 


« 


5-4 


FIGURE  5-1 


908 


4 


FIGURE  5-2 


9 


0  99  99.9  99.8  99  98  95  90  80  70  60  50  40  30  20  10  5  2  1  0.5  0  2  0  1  0.05  0  01 


114*1 


i  9 

iBiBMlgasiigi 


5S8B**?S^Si 535853^555  538  S3 55535 55555 3553585555 55555 3555353555 535S555353 

gStSSaSlai  iSSllS&SSSSS 


iiv^5IS52S5iSi  1^583 SEE  ESSS^BSSSESfl^ES  ^SSSl^S^SSSSSE^SSSsiii 

HIFT'IHW1 1 1 1  . .  i 


MwibISSB 

mmW&mmm&mmA* 


1268 


8  66  6  66 


FIGURE  5-4 


0  2  0.1  0.0b 


sags 


=fcrr= 


jajgsggBBBsasssa 


sass: 


:  as  aggaa5rrrasnaa;aBrja;muasssav:sa_a^uj.  ■!■■■::;  I 

iSasS^SiSE^SsssSS^^S 


:=S: 


iliilgsilSH 


5^5555555855555558 


10000 


t - «  'T 

-I - CB  O 


!■■■■■■■■— —I— £«■■■—■ 1— H 

iww—mm—— — w^nm  n~i  riaaBBMiHmga! 


jO^j  r  jwim  r~  ~~  Er^^GTS~  j^|  ^.j  i  ~~  I  -m  ■  *frT^SiE  nnIS  M  j  ^ 

■h^_  9H|  wyH  j3h1m2  nZ  I  SB  tssjo  .vnig  -^ ,  t  ^^J53^^3S3  eeoo<ESJ^SHS3  2  B  Sib!  EXXxj  :^S»^  j  ^  j  Bps  ZB2|  ^  i  KjSSSZ  ZSj  j 

IttrsaMiananBylaaansaasfliiaaSgaaBiBiiHiSSiSnBBnMaBUB^aAaai 


mmwMSAi 

iaaial 


i 

=p: 


N  -43  vn 


Q  J1  !0 

o 

o 


FIGURE  5-8 


SECTION  6 

PLAN  3  -  HIGH  FLOW  PLAN 


OBJECTIVE 

The  primary  objective  of  the  high  flow  plan  is  to  provide  increased 
flood  protection  at  Aitkin. 

DISCUSSION 

This  is  a  reevaluation  of  the  work  performed  by  SAFHL  and  conforms 
to  the  description  provided  in  their  final  report  (Reference  1,  pp. 
46-50) .  The  operating  criteria  for  the  four  reservoirs  above  Aitkin  are 
changed  to  provide  more  space  for  storing  spring  snowmelt.  This  is 
accomplished  by  providing  a  lower  drawdown  in  the  early  spring  as  shown 
on  the  reservoir  index  level  rules.  Figures  6-1  through  6-4.  Index 
levels  for  Pine  and  Gull  remain  unchanged  from  Plan  1,  see  Figures  4-5 
and  4-6.  The  SAFHL  procedure  changed  the  summer  target  level  stage  at 
Winnibigoshish  from  the  Plan  1  values  of  9.0  -  9.5  feet  to  10.0  -  10.5 
feet  for  Plan  3.  This  was  not  done  in  this  study;  the  summer  target 
level  at  Winnibigoshish  is  the  same  for  Plans  1  and  3,  9.0  -  9.5  feet. 

RESULTS 

As  explained  in  Section  4  for  Plan  1,  the  results  in  the  early 
1930's  are  different  than  the  SAFHL  results  due  to  different  reservoir 
storage  values  in  January  1932.  However,  the  results  quickly  converge 
and  closely  approximate  the  SAFHL  values. 

A  comparison  of  the  maximum  flows  at  Aitkin  between  Plan  3  and  Plan 
1  shows  the  number  of  floods  above  11,200  cfs  decreases  from  10  (Plan  l) 
to  six  (Plan  3).  The  largest  flow  (May  1950)  is  the  same  for  both  plans 
(approximately  21,600  cfs).  The  recorded  flow  for  this  flood' is  approxi¬ 
mately  18,000  cfs  at  Aitkin.  Note  that  the  HEC-5  results  always  include 
the  flow  in  the  diversion  channel  at  Aitkin. 

Hydraulic  Results 

A  summary  of  annual  maximum  and  minimum  elevations  at  reservoirs, 
annual  maximum  flow  at  Aitkin  and  annual  minimum  flow  at  Anoka  is 
provided  in  tables  in  Appendix  G.  A  plot  of  reservoir  elevation  versus 
time  is  also  included  in  Appendix  G  for  each  reservoir  together  with  the 
streamflow  at  Aitkin  and  Anoka. 


Plan  3  decreases  Che  number  and  size  of  the  flood  flows  at  Aitkin 
compared  to  Plan  1.  This  operation  plan  is  successful  in  each  year  of 
major  flooding  except  1950,  when  local  inflows  uncontrolled  by  reservoirs 
exceed  14,000  cfs  and  Pokegama  Reservoir  is  above  flood  pool  stage  (Level 
5)  and  must  release  all  inflows.  This  also  occurs  in  Plan  1. 


Frequency  Results 

Frequency  relationships  based  upon  the  47  years  of  simulated  record 
are  provided  in  Figures  6-5  through  6-12  for  high  stage  at  reservoirs, 
low  stage  at  reservoirs,  high  flow  at  Aitkin,  and  low  flow  at  Anoka. 

Economic  Results 

Table  6-1  summarizes  average  annual  damage  computations  and  compares 
this  information  to  Plan  1,  Present  Operating  Plan.  The  objective  of 
Plan  3  is  to  minimize  high  flow  damage  at  Aitkin  compared  to  Plan  1. 
This  objective  is  accomplished  with  a  22  percent  reduction  in  average 
annual  high  flow  damage  at  Aitkin.  However,  Plan  3  also  creates  greater 
average  annual  damages  (AAD)  at  Winnibigoshish,  Leech,  Pokegama,  and 
Sandy  Reservoirs.  This  increase  in  AAD  for  these  four  reservoirs  is 
$265. 9K  (171  percent)  and  is  much  larger  than  the  $61. 8K  saved  at  Aitkin 
over  Plan  1.  Overall,  the  AAD  for  Plan  3  increases  by  34  percent  over 
Plan  1.  The  average  annual  cost  (AAC)  of  not  supplying  a  minimum  of  1600 
cfs  at  Anoka  was  also  calculated  for  Plan  3,  although  it  was  not  the 
explicit  purpose  of  Plan  3  to  meet  this  requirement.  However,  by 
calculating  the  AAC  it  was  then  possible  to  compare  the  Plan  3  average 
annual  net  benefit  (or  cost)  relative  to  Plan  1.  The  AAC  for  Plan  3  is 
$3707. 2K  compared  to  $3189. 9K  for  Plan  1.  The  relative  net  cost  of  Plan 
3  at  Anoka  is  $517. 3K. 


TABLE  6-1 


ECONOMIC  RESULTS 
($1,000) 


AVERAGE  ANNUAL  DAMAGE 

PLAN  3 

PLAN  1 

Winnibigoshish 

High  Stage 

0.1 

4.0 

Low  Stage 

73.3 

9.7 

Total 

73.4 

13.7 

Leech 

High  Stage 

9.6 

11.0 

Low  Stage 

166.8 

71.3 

Total 

176.4 

82.3 

Pokegama 

High  Stage 

18.7 

25.0 

Low  Stage 

14.0 

2.8 

Total 

32.7 

27.8 

Sandy 

High  Stage 

26.8 

29.4 

Low  Sti.^e 

111.9 

2.1 

Total 

138.7 

31.5 

Pine 

High  Stage 

16.6 

16.6 

Low  Stage 

6.3 

6.3 

Total 

22.9 

22.9 

Gull 

High  Stage 

127.5 

127.5 

Low  Stage 

15.2 

15.2 

Total 

142.7 

142.7 

Aitkin 

High  Flow 

216.8 

278.6 

TOTAL  AAD 

803.6 

599.5 

AVERAGE  ANNUAL  COST  -  LOW 

FLOW  SHORTAGE 

(Below  1, 

Anoka 

Low  Flow 

3707.2 

3,189.9 
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SECTION  7 

PLAN  4  -  NATURAL  FLOW  PLAN 


OBJECTIVE 

This  Plan  simulates  natural  conditions  with  no  dams  on  the  six 
headwaters  lakes. 

DISCUSSION 

■  » 

This  is  a  reevaluation  of  the  natural  conditions  plan  ‘ evaluated  by 
SAFHL.  Similar  to  the  procedure  used  by  SAFHL  (see  Reference  1,  pp.  47 
and  51),  the  simulation  at  reservoirs  is  modified  to  approximate  the 
hydraulic  effect  of  the  lakes  under  their  natural,  predam,  conditions. 
This  is  accomplished  by  setting  the  reservoir  index  levels  so  that  Che 
reservoirs  are  permanently  above  Level  5.  The  storage-discharge  rela¬ 
tionship  used  above  this  level  is  the  same  relationship  that  would  occur 
under  natural  conditions.  The  simulation  follows  this  curve  as  the  res¬ 
ervoir  release  logic  tries  to  evacuate  the  reservoirs  back  to  Level  5, 
which  in  essence  simulates  lake  inflow,  elevation,  and  corresponding 
outflow  under  natural  conditions.  A  marshy  lake  existed  at  the  Sandy 
Reservoir  site  prior  to  the  construction  of  the  dam  and  filling  of  the 
reservoir.  The  outflow  from  this  natural  lake  was  governed  by  backwater 
effects  from  the  Mississippi  River.  Therefore,  it  was  decided  by  the 
St.  Paul  District  to  set  Sandy  Lake  outflows  equal  to  inflows  for  the 
natural  conditions.  Thus,  the  Sandy  Reservoir  site  was  not  simulated 
like  a  lake  for  this  plan,  but  all  inflows  were  routed  directly  down  to 
Libby  on  the  Mississippi  River. 

RESULTS 

Similar  to  Plans  1  and  3,  the  Plan  4  results  closely  approximate  the 
SAFHL  natural  conditions  values  after  the  effect  of  initial  reservoir 
storage  differences  are  reduced  in  time. 

Hydraulic  Results 

A  summary  of  annual  maximum  and  minimum  elevations  at  lakes,  annual 
maximum  flow  at  Aitkin  and  annual  minimum  flow  at  Anoka  is  provided  in 
tables  in  Appendix  H  together  with  a  plot  of  lake  elevation  versus  time 
for  each  lake  and  streamflow  at  Aitkin  and  Anoka. 


Frequency  Results 

Frequency  relationships  based  upon  the  47  years  of  simulated  record 
are  provided  in  Figures  7-1  through  7-8  for  high  stage  at  lakes,  low 
stage  at  lakes,  high  flow  at  Aitkin,  and  low  flow  at  Anoka.  These 
results  may  be  misleading  when  compared  with  Plan  1.  They  show  the  lakes 
to  be  at  much  lower  elevations  than  are  observed  for  Plan  1.  This  is 
because  the  natural  lake  elevations  are  much  lower  than  post-dam 
reservoir  levels. 

Economic  Results 

Table  7-1  summarizes  economic  computations  and  compares  this 
information  to  Plan  1,  Present  Operating  Plan.  As  has  been  noted,  the 
Natural  Flow  Plan  causes  a  substantial  change  in  lake  elevations  as 
opposed  to  the  elevation  levels  experienced  with  the  reservoir  operation 
plans.  No  AAD  was  calculated  for  Sandy  because  of  the  decision  to  not 
model  Sandy  as  a  reservoir  using  HEC-5  (see  page  7-1  for  discussion). 
For  this  same  reason  no  high  and  low  stage  data  were  generated  by  HEC-S. 

The  natural  Flow  Plan  total  AAD  is  approximately  3.5  times  greater 

than  the  Plan  1  total  AAD.  This  is  because  it  was  decided  by  the  St. 

Paul  District  to  use  the  damage  curve  data  at  the  lakes  based  on 
development  conditions  with  reservoir.  This  damage  data  produced  much 
larger  AAD  than  if  specific  damage  curve  data  would  have  been  developed 
for  natural  conditions. 

The  average  annual  cost  (AAC)  of  not  supplying  a  minimum  of  1600  cfs 

at  Anoka  was  also  calculated  for  Plan  4,  although  it  was  not  the  explicit 

purpose  of  Plan  4  to  meet  this  requirement.  However,  by  calculating  the 
AAC  it  was  then  possible  to  compare  Plan  4's  average  annual  net  benefit 
(or  cost)  relative  to  Plan  1.  The  AAC  for  Plan  4  is  $5844. 8K  compared  to 
$3189. 9K  for  Plan  1.  The  relative  net  cost  of  Plan  4  at  Anoka  is 
$2654. 9K. 


TABLE  7-1 


ECONOMIC  RESULTS 

(ii.ooo) 


AVERAGE  ANNUAL  DAMAGE 

PLAN  4 

PLAN  1 

Vinnibigoshiah 

High  Stage 

0.0 

4.0 

Low  Stage 

90.1 

9.7 

Total 

90.1 

13.7 

Leech 

High  Stage 

0.6 

11.0 

Low  Stage 

441.9 

71.3 

Total 

442.5 

82.3 

Pokegama 

High  Stage 

6.2 

25.0 

Low  Stage 

50.2 

2.8 

Total 

56.4 

27.8 

Sandy 

High  Stage 

- - 

29.4 

Low  Stage 

— 

2.1 

Total 

— 

31.5 

Pine 

High  Stage 

0.0 

16.6 

Low  Stage 

618.8 

6.3 

Total 

618.8 

22.9 

Gull 

High  Stage 

72.8 

127.5 

Low  Stage 

426.0 

15.2 

Total 

498.8 

142.7 

Aitkin 

High  Flow  • 

469.5 

281.3 

TOTAL  AAD 

2,176.1 

602.2 

AVERAGE  ANNUAL  COST  -  LOW 

FLOW  SHORTAGE 

(Below  1 

Anoka 

Low  Flow 

5844.8 

3,189.9 
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SECTION  8 

PLAN  5  -  LOW  PLOW  PLAN,  2,275  CFS  AT  ANOKA 


OBJECTIVE 

This  Plan  is  similar  to  Plan  1,  Present  Operating  Plan,  with  the 
additional  objective  of  maintaining  flow  at  Anoka  equal  to  or  greater 
than  2,275  cfs. 

% 

DISCUSSION 

This  Plan  is  an  alternative  to  Plan  2,  Low  Flow  Plan,  1,600  cfs  at 
Anoka,  with  an  increased  minimum  flow  requirement.  Reservoir  operation 
criteria  are  identical  with  the  sole  exception  of  Pokegama  operation  (and 
corollary  effect  at  Winnibigoshish  and  Leech)  to  satisfy  the  2,275  cfs 
requirement  at  Anoka  rather  than  1,600  cfs. 

RESULTS 

During  the  47  years  of  simulation,  water  shortages  occur  at  Anoka  in 
37  out  of  564  months,  7  percent  of  the  total  period.  These  shortages 
occur  in  the  following  years: 

1930,  1932,  1933,  1934,  1935,  1936,  1937,  1938,  1940,  and  1976. 

As  noted  in  the  discussion  of  the  Plan  2  results  (Section  5),  a  problem 
in  REC-5  caused  the  reservoirs  to  not  operate  properly  to  meet  the 
minimum  flow  requirement  at  Anoka  under  certain  conditions.  It  is 
difficult  to  ascertain  the  number  or  magnitude  of  the  shortages  which 
result  from  this  problem.  However,  a  brief  review  of  the  months  in  which 
shortages  occur  shows  that  for  28  of  the  37  months,  the  storage  at  both 
Winnibigoshish  and  Leech  is  above  Level  1  and  more  water  can  be  released 
to  at  least  partially  meet  the  minimum  flow  demand  of  2,275  cfs  at 
Anoka.  Obvious  shortages  occur  during  the  months  of  September-October 
1933  and  August  1934  through  February  1935,  and  these  shortages  will 
still  be  present  when  HEC-5  is  operating  correctly. 

Hydraulic  Results 

A  summary  of  annual  maximum  and  minimum  elevations  at  reservoirs, 
annual  maximum  flow  at  Aitkin  and  annual  minimum  flow  at  Anoka  is  pro¬ 
vided  in  the  tables  in  Appendix  I  in  addition  to  a  plot  of  reservoir 
elevation  versus  time  for  each  reservoir  and  streamflow  at  Aitkin  and 
Anoka.  It  should  be  noted  that  these  Cables  and  plots  include  the  results 


of  the  EEC-5  problem  previously  mentioned.  The  annual  minimum  elevations 
for  Winnibigoshish  and  Leech  should  be  lower  and  the  annual  minimum  flows 
at  Anoka  higher  for  many  of  the  infrequent  events  (periods  of  drought) . 


Frequency  Results 

Frequency  relationships  based  upon  the  47  years  of  simulated  record 
are  provided  in  Figures  8-1  through  8-8  for  high  stage  at  reservoirs,  low 
stage  at  reservoirs,  high  flow  at  Aitkin,  and  low  flow  at  Anoka.  As  with 
the  hydraulic  results  discussed  above,  one  should  look  at  the  frequency 
results  with  the  idea  in  mind  that  these  results  are  affected  by  the 
problem  in  HEC-5. 


Economic  Results 

Table  8-1  summarizes  economic  computations  and  compares  this 
information  to  Plan  1,  Present  Operating  Plan.  The  cost  associated  with 
water  shortage  at  Anoka  for  Plan  1  has  been  modified  to  reflect  the  2,275 
cfs  low  flow  requirement  to  provide  an  appropriate  base  value  for  compar¬ 
ison  with  Plan  5.  Additional  low  stage  damages  result  at  winnibigoshish. 
Leech,  and  Pokegama  Reservoirs  in  trying  to  at  least  partially  meet  the 
low  flow  requirement  of  2,275  cfs  when  compared  to  Plan  1.  This 
increases  the  total  AAD  from  $599. 5K  (Plan  1)  to  $697. 3K  (Plan  5).  The 
Plan  5  total  AAD  will  be  even  larger  if  the  HEC-5  problem  is  corrected 
and  this  plan  restudied.  Lower  minimum  elevations  at  winnibigoshish  and 
Leech  will  produce  larger  low  stage  damages  at  these  two  reservoirs.  The 
amount  of  the  additional  damages  is  difficult  to  estimate.  However,  they 
should  be  more  than  compensated  for  by  the  decrease  in  average  annual 
cost  of  not  supplying  2,275  cfs  at  Anoka  during  low  flow  periods.  With 
the  HEC-5  problem,  the  Plan  5  average  annual  cost  at  Anoka  is  $6,495. 4K 
compared  to  $12,529.7K  for  Plan  1  including  the  2,275  cfs  requirement. 
This  produces  a  relative  net  benefit  of  $6,034.3K. 
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TABLE  8—1 


ECONOMIC  RESULTS 

($1,000) 


AVERAGE  ANNUAL  DAMAGE 

PLAN  5 

PLAN  1 

winnibigoshish 

High  Stage 

4.0 

4.0 

Low  Stage 

28.0 

9.7 

Total 

32.0 

13.7 

Leech 

High  Stage 

10.6 

11.0 

Low  Stage 

141.0 

71.3 

Total 

151.6 

82.3 

Fokegama 

High  Stage 

25.4 

25.0 

Low  Stage 

12.6 

2.8 

Total 

38.0 

27.8 

Sandy 

High  Stage 

29.4 

29.4 

^Low  Stage 

2.1 

2.1 

Total 

31.5 

31.5 

Pine 

High  Stage 

16.6 

16.6 

Low  Stage 

6.3 

6.3 

Total 

22.9 

22.9 

Gull 

High  Stage 

127.5 

127.5 

Low  Stage 

15.2 

15.2 

Total 

142.7 

142.7 

Aitkin 

High  Flow 

278.6 

278.6 

TOTAL  AAD 

697.3 

599.5 

AVERAGE  ANNUAL  COST  -  LOW  FLOW  SHORTAGE  (Below  2,275  cfs) 
Anoka 


Low  Flow 


6,495.4  12,529.7 
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SECTION  9 

PLAN  6  -  LOW  FLOW  PLAN,  4,800  CFS  AT  ANOKA 


OBJECTIVE 

The  objective  for  this  Plan  is  to  operate  the  reservoirs  in  the  most 
favorable  manner  possible  within  the  "present  operating  limits"  (see 
Figure  1-2)  in  order  to  maintain  flow  at  Anoka  equal  to  or  greater  than 
4,800  cfs. 

DISCUSSION 

Based  upon  the  results  of  Plan  5,  it  is  obvious  that  the 
substantially  increased  low  flow  requirement  at  Anoka  will  be  impossible 
to  achieve.  For  this  plan,  the  reservoir  operating  criteria  were  changed 
at  Winnibigoshish,  Leech,  and  Pokegama  to  provide  less  drawdown  during 
the  winter  and  spring  periods.  The  revised  index  levels  for  these  three 
reservoirs  are  shown  on  Figures  9-1  through  9-3,  respectively. 

RESULTS 

During  the  564  months  of  simulation,  water  shortages  occur  for  187 
months  (35  percent  of  the  total  period)  at  Anoka  when  attempting  to  meet 
a  minimum  flow  requirement  of  4,800  cfs.  Shortages  occur  in  months  of 
every  year  between  1930  and  1976  except :  1942,  1944,  1946,  1952,  1954, 

1966,  1972,  1973,  and  1975.  The  number  and  size  of  the  shortages  are 

magnified  by  the  HEC-5  problem  which  does  not  allow  full  use  of  the  water 
available  in  Winnibigoshish  and  Leech  to  attempt  to  satisfy  the  Anoka  low 
flow  requirement.  Because  of  this  relatively  high  minimum  flow 
requirement  of  4,800  cfs,  it  is  infeasible  to  review  all  of  the  water 
short  months  to  determine  in  which  ones  the  corrected  version  of  HEC-5 
will  produce  results  satisfying  the  4,800  cfs  Anoka  flow  need.  However, 
it  is  expected  that  the  correction  will  not  eliminate  most  water  short 
months  because  of  the  size  of  the  Anoka  demand  (4,800  cfs). 

Hydraulic  Results 

A  summary  of  annual  maximum  and  minimum  elevations  at  reservoirs, 
annual  maximum  flow  at  Aitkin,  and  annual  minimum  flow  at  Anoka  is  pro¬ 
vided  in  the  tables  in  Appendix  J  along  with  a  plot  of  reservoir  eleva¬ 
tion  versus  time  for  each  reservoir  and  streamflow  at  Aitkin  and  Anoka. 
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Frequency  Results 

Frequency  relationships  based  on  the  47  years  of  simulated  record 
are  provided  in  Figures  9-4  through  9-11  for  high  and  low  stage  at  reser¬ 
voirs,  high  flow  at  Aitkin,  and  low  flow  at  Anoka.  Once  again,  these 
results  include  the  effects  of  the  HEC-5  problem.  An  example  of  how  this 
problem  affects  the  frequency  results  can  be  seen  in  comparing  the  Plan  S 
and  Plan  6  frequency  curves  for  Leech  Reservoir  (Figures  8-2  and  9-5, 
respectively).  The  low  stage  curve  for  Plan  6  stays  at  higher  elevations 
than  the  Plan  5  curve  for  exceedance  frequencies  in  the  range  of  10  to 
0.2  percent.  One  would  expect  just  the  opposite,  as  the  Plan  6  Anoka 
minimum  flow  requirement  of  4,800  cfs  should  place  greater  demands  on 
Winnibigoshish,  Leech,  and  Pokegama  Reservoirs  than  the  Plan  5 
requirement  of  2,275  cfs.  Analysis  of  the  HEC-5  monthly  simulation  for 
Plans  5  and  6  shows  that  early  in  the  47-year  period  of  interest  that 
Plan  5  attempts  to  release  enough  water  from  Pokegama  to  meet  Anoka's 
2,275  cfs  requirement.  Plan  6  simulation  makes  less  of  an  attempt  even 
when  Pokegama  has  additional  available  water,  such  as  in  March  1930. 
This  is  incorrect. 


The  comparison  of  Anoka  low  flow  curves  for  Plan  1  and  6  (Figure 
9-11)  shows  that  Plan  6  has  lower  flows  than  Plan  1  in  the  range  of  50  to 
2  percent  non-exceedance.  These  lower  low  flows  are  a  result  of  Plan  6 
trying  to  maintain  4,800  cfs  at  Anoka.  When  the  reservoirs  can  no  longer 
meet  this  need  they  have  been  drawn  down  further  than  in  the  case  of  Plan 
1  and  this  further  minimizes  future  available  water  to  release  for 
Anoka.  Anoka's  flows  decrease  as  a  result,  as  can  be  seen  in  the 
frequency  curves  for  the  two  plans. 

Economic  Results 

Table  9~1  summarizes  economic  computations  and  .compares  this 
information  to  Plan  1,  Present  Operating  Plan.  The  cost  associated  with 
water  shortage  at  Anoka  for  Plan  1  has  been  modified  to  reflect  the  4,800 
cfs  low  flow  requirement  to  provide  an  appropriate  base  value  for  compar¬ 
ison  with  Plan  6.  Plan  6,  like  Plan  5,  shows  increased  low  stage  damages 
over  Plan  1  at  Winnibigoshish,  Leech,  and  Pokegama.  The  total  AAD 
increases  from  8599. 5K  (Plan  1)  to  8738. 8K  (Plan  6).  The  Plan  6  AAD  will 
be  larger  without  the  HEC-5  problem.  The  average  annual  cost  for  not 
supplying  Anoka  with  4,800  cfs  is  8109, 730. 4K  for  Plan  6  compared  to 
8122,582. 5K  for  Plan  1.  This  is  a  net  benefit  increase  of  812,852. IK  for 
Plan  6  relative  to  Plan  1. 


TABLE  9-1 


ECONOMIC  RESULTS 

($1,000} 


AVERAGE  ANNUAL  DAMAGE 

PLAN  6 

PLAN  1 

Winnibigoshish 

High  Stage 

1.9 

4.0 

Low  Stage 

46.1 

9.7 

Total 

48.0 

13.7 

Leech 

High  Stage 

12.3 

11.0 

Low  Stage 

150.2 

71.3 

Total 

162.5 

82.3 

Po  keg  am  a 

High  Stage 

23.7 

25.0 

Low  Stage 

29.8 

2.8 

Total 

53.5 

27.8 

Sandy 

High  Stage 

29.4 

29.4 

Low  Stage 

2.1 

2.1 

Total 

31.5 

31.5 

Pine 

High  Stage 

16.6 

16.6 

Low  Stage 

6.3 

6.3 

Total 

22.9 

22.9 

Gull 

High  Stage 

127.5 

127.5 

Low  Stage 

15.2 

15.2 

Total 

142.7 

142.7 

Aitkin 

High  Flow 

277.7 

278.6 

TOTAL  AAD 

738.8 

599.5 

AVERAGE  ANNUAL  COST  -  LOW 

FLOW  SHORTAGE 

i  (Below  4,1 

Anoka 

Low  Flow 

109,730.4 

122,582.5 
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SECTION  10 

PLAN  7  -  HYDROPOWER  PLAN 


OBJECTIVE 

The  objective  for  this  Plan  is  to  operate  the  reservoirs  in  a  manner 
favorable  to  hydropower  production  requirements. 

DISCUSSION 

Specific  analysis  was  not  performed  for  this  Plan.  The  results  of 
Plan  6  -  Low  Flow  Plan,  4,800  cfs  at  Anoka,  provides  an  approximation  of 
this  requirement. 
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SECTION  11 

PUN  8  -  MINIMIZE  LAKE  PROPERTY  DAMAGE  PUN 


OBJECTIVE 

The  primary  objective  of  this  plan  is  to  minimize  the  sum  of  high 
and  low  stage  damage  at  lake  properties  during  the  seasonal  damage  period 
(May  -  September) . 

DISCUSSION 

This  Plan  puts  the  highest  priority  on  reducing  damages  at  the 
lakes.  The  current  operating  plan.  Plan  1,  does  provide  reservoir  opera¬ 
tion  criteria  which  come  close  to  this  objective;  however.  Plan  1  also 
operates  for  Aitkin  flood  reduction  requirements  whereas  this  plan  does 
not  explicity  operate  for  these  requirements. 

There  are  two  main  difficulties  associated  with  achieving  minimum  lake 
property  damage.  The  first  involves  the  restricted  downstream  flow 
requirements  and  limited  gate  outlet  capacities  at  the  reservoirs.  Dur¬ 
ing  summer  periods  of  high  reservoir  inflow,  the  reservoir  outlet  capaci¬ 
ties  are  not  sufficient  to  prevent  a  water  surface  rise.  In  addition, 
during  periods  of  extreme  high  flow  when  flooding  is  occurring  at  Aitkin, 
the  reservoir  flood  control  pool  is  used  which  contributes  to  lake  prop¬ 
erty  damage.  The  second  difficulty  relates  to  highly  variable  spring 
runoff  (both  timing  and  volume) .  As  discussed  previously,  the  reservoirs 
are  operated  to  drawdown  during  early  spring  in  anticipation  of  large 
reservoir  inflows  during  the  spring  runoff  period.  Years  with  either 
extremely  high  or  low  spring  runoff  will  cause  the  reservoirs  to  over¬ 
shoot  or  undershoot  the  summer  target  levels,  respectively. 

For  the  purpose  of  this  plan  simulation,  the  summer  target  high  and 
low  level  (index  Levels  4  and  3,  respectively)  were  both  set  at  the  mini¬ 
mum  damage  stage  for  each  reservoir.  The  spring  drawdown  targets  are  the 
same  as  Plan  1,  since  this  plan  has  been  developed  over  the  past  years 
based  upon  experience  gained  from  actual  conditions.  In  addition,  the 
reservoirs  above  Aitkin  are  not  directly  operated  to  reduce  flood  flow  at 
Aitkin.  Figures  11-1  through  11-6  provide  the  reservoir  index  level 
criteria. 


RESULT8 


The  results  of  this  plan  show  that  the  high  stage  for  each  reservoir 
exceeds  reservoir  Level  4  less  often  than  for  Plan  1.  This  attempted 
minimization  of  high  reservoir  stages  often  results  in  lower  low  stages 
in  years  In  addition,  the  release  of  more  water 

to  keep  th/^  reser-  voirs^rom  filling  above  Level  4  results  in  higher 
high  flows  atlUtkin  compared  to  Plan  1. 

Hydraulic  Results 

A  summary  of  annual  maximum  and  minimum  elevations  at  reservoirs, 
annual  maximum  flow  at  Aitkin,  and  annual  minimum  flow  at  Anoka  is  pro- 
vide-H  in  the  tables  in  Appendix  K  together  with  plots  of  reservoir  eleva¬ 
tion  versus  time  for  the  six  reservoirs  and  streamflow  at  Aitkin  and 
Anoka. 


Frequency  Results 

Frequency  relationships  based  on  47  years  of  simulated  record  are 
provided  in  Figures  11-7  through  11-14  for  high  and  low  stage  at  reser¬ 
voirs,  high  flow  at  Aitkin,  and  low  flow  at  Anoka. 


Economic  Results 

Table  11-1  summarizes  economic  computations  and  compares  this 
information  to  Plan  1,  Present  Operating  Plan.  The  economic  results  show 
that  high  stage  AAD  is  reduced  at  each  reservoir  when  compared  to  Plan  1. 
This  is  expected  based  on  Plan  8's  operation  policy  of  drawing  down  the 
reservoir  level  in  early  spring  in  anticipation  of  large  inflows  to  the 
reservoirs  during  the  spring  runoff  season.  A  side  effect  of  this  policy 
is  that  low  stage  damages  increase  because  low  spring  runoff  will  not 
fill  the  reservoirs  up  to  the  summer  target  levels.  However,  overall  the 
total  AAD  of  the  six  reservoirs  is  decreased  from  $320. 9K  (Plan.  1)  to 
$222. 6K  (Plan  8).  The  largest  percent  decrease  occurs  at  Pokegama  Reser¬ 
voir  (82  percent  decrease) ,  as  this  reservoir  no  longer  has  to  try  to 
minimize  high  flows  at  Aitkin.  The  savings  in  reduced  lake  property  dam¬ 
age  ($98. 3K  per  year),  however,  is  more  than  offset  by  increased  high 
flow  damage  at  Aitkin.  Aitkin  AAD  rises  from  $278. 6K  (Plan  1)  to  $417. 6K 
(Plan  8) ,  an  increase  of  $139K.  This  results  in  an  overall  increase  in 
AAD  of  $40. 7K  for  Plan  8  when  compared  to  Plan  1. 


The  average  annual  cost  (AAC)  of  noC  supplying  a  minimum  of  1600  cfs 
at  Anoka  was  also  calculated  for  Plan  8,  although  it  was  not  the  explicit 
purpose  of  Plan  8  to  meet  this  requirement.  However,  by  calculating  the 
AAC  it  was  then  possible  to  compare  Plan  8's  average  annual  net  benefit 
(or  cost)  relative  to  Plan  1.  The  AAC  for  Plan  8  is  $3237. 3K  compared  to 
$3189. 9K  for  Plan  1.  The  relative  net  cost  of  Plan  8  at  Anoka  is  $47. 4K. 
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TABLE  11-1 

1 

ECONOMIC  RESULTS 

I 

($1,000) 

- 

1 

• 

AVERAGE  ANNUAL  DAMAGE 

PLAN  8 

PLAN  1 

• 

Winnibigoshish 

High  Stage 

2.9 

4.0 

Low  Stage 

8.0 

9.7 

B 

• 

Total 

10.9 

13.7 

I 

Leech 

High  Stage 

1.7 

11.0 

Low  Stage 

75.1 

71.3 

• 

Total 

76.8 

82.3 

• 

Fokegama 

High  Stage 

0.6 

25.0 

Low  Stage 

4.5 

2.8 

^  ■ 

4 

M 

Total 

5.1 

27.8 

Sandy 

High  Stage 

22.5 

29.4 

6 

Low  Stage 

4.7 

2.1 

Total 

27.2 

31.5 

Pine 

"  *. 

;  > 

High  Stage 

5.8 

16.6 

• 

Low  Stage 

9.5 

6.3 

> 

Total 

15.3 

22.9 

Gull 

High  Stage 

66.3 

127.5 

4 

Low  Stage 

21.0 

15.2 

• 

Total 

87.3 

142.7 

•  L 

% 

Aitkin 

4 

High  Flow 

417.6 

278.6 

M 

< 

TOTAL  AAD 

640.2 

599.5 

AVERAGE  ANNUAL  COST  -  LOW  FLOW  SHORTAGE 

(Below  1,600  cfs) 

* ,  . 

4 

Anoka 

• 

Low  Flow 

3,237.3 

3,189.9 
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SECTION  12 

PLAN  9  -  CONSERVATION  PLAN 


OBJECTIVE 

The  plan  has  two  objectives,  Leech  Reservoir  operation  for  the 
purpose  of  improving  wild  rice  growing  conditions  and  Winnibigoshish 
Reservoir  operation  for  the  purpose  of  improving  walleye  spawning. 

DISCUSSION 

The  Leech  Lake  criteria  for  optimum  wild  rice  production  are  shown 
on  Figure  12-1.  Lake  Winnibigoshish  criteria  for  improving  walleye 
spawning  are  contained  in  the  following  quote  by  Colonel  William  W. 
Badger,  District  Engineer  for  St.  Paul  District,  in  his  letter  dated  23 
February  1981  to  Mr.  Joseph  Alexander,  Commissioner  Minnesota  Department 
of  Natural  Resources: 

As  in  the  case  of  our  agreement  with  the  State  of  Minnesota  for 
the  trial  period  of  1975-1980  to  regulate  Winnibigoshish  at  a 
9.0  to  9.5  summer  stage,  I  feel  it  is  possible  to  continue  to 
regulate  the  reservoir  towards  this  goal  and  accommodate  a 
modification  in  regulation  to  meet  the  desires  of  the  Fisheries 
Division.  In  summary,  the  District  will  follow  the  past  prac¬ 
tice  of  regulation  to  meet  the  drawdown  stage  of  8.0  feet  by  1 
April  and  summer  stages  of  9.0  -  9.5  feet.  We  will  coordinate 
with  the  Fisheries  Division  through  the  winter  and  into  the 
spawning  season  to  meet  the  goals  of  8.5  feet  stage  at  the 
beginning  of  spawning  season  (around  25  April)  and  a  slow  lake 
rise  during  spawning  season  (about  2-3  weeks).  We  will 
endeavor  to  maintain  this  method  of  regulation  on  a  trial  basis 
beginning  in  September  1981  and  continuing  through  September 
1986. 

Leech  Lake 

The  reservoir  operating  criteria  require  a  period  of  uniform  lake 
level  rise  (1  April  to  15  May).  This  is  followed  by  criteria  specifying 
a  constant  lake  level  with  permissible  maximum  fluctuations  in  a  48-hour 
period  (16  May  -  10  September).  Due  to  the  downstream  flow  restrictions 
and  limited  gate  discharge  capacities,  there  are  periods  when  reservoir 
inflow  is  too  large  for  the  physical  outlet  capacity  of  the  reservoir  to 
keep  the  water  surface  within  the  specified  limits.  Using  the  reservoir 


parameters  specified  in  Table  12-1,  the  reservoir  inflow  limits  are  shown 
on  Figures  12-2,  12-3,  and  12-4  with  plots  of  reservoir  inflow  for  repre¬ 
sentative  periods  where  the  maximum  limits  are  exceeded,  no  limits  are 
exceeded  and  the  minimum  limit  is  exceeded,  respectively.  If  actual 
inflow  is  outside  of  these  limits,  the  Leech  Lake  Conservation  Plan 
criteria  will  be  violated. 


TABLE  12-1 

LEECH  LAKE  PARAMETERS  AFFECTING 
CONSERVATION  PLAN 


Elevation  (ft) 

Storage  (ac-ft) 

Outlet  Capacity  (cfs) 

Daily  Net  Inflow  for  1  inch 
Elevation  Rise  (SFD) 


April  1 
1,293.7 
461,510 
960 


May  15  -  Sept.  10 
1,294.4 
545,770 
1,810 


4,580 


5,300 


Due  to  the  48-hour  criteria,  daily  flow  simulation  throughout  the 
period  of  record  (1930-1976)  is  desirable.  Since  this  flow  data  is  not 
available,  an  approximate  analysis  is  performed  using  the  combined 
monthly  and  daily  flow  series  which  is  used  for  evaluating  all  plans  in 
this  study.  Figure  12-6  provides  the  Leech  Reservoir  index  levels  for 
this  plan.  The  effect  of  setting  index  levels  2,  3,  and  4  equal  during 
the  summer  months  (as  shown  in  Figure  12-6)  is  to  minimize  changes  in  the 
reservoir  water  surface  elevation  during  the  wild  rice  growing  season 
(May  to  September). 

Winnibigoshish  Lake 

The  Lake  Winnibigoshish  criteria  for  improving  walleye  spawning  are 
very  similar  to  the  Present  Operating  Plan,  Plan  1.  As  for  the  Leech 
Lake  analysis,  it  would  be  desirable  to  simulate  the  active  period  of 
record  with  daily  flows  to  fully  evaluate  the  potential  fluctuations 
during  the  critical  period  (1  April  through  1  June).  Simulation  is  per¬ 
formed  with  the  combined  monthly  and  daily  flow  series  using  the 
Winnibigoshish  Reservoir  index  level  criteria  shown  on  Figure  12-5. 
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RESULTS 


The  operation  of  Winnibigoshish  and  Leech  to  improve  walleye 
spawning  and  wild  rice  growing  conditions,  respectively,  is  only  par¬ 
tially  successful  over  the  47-year  simulation  period.  During  the  summer 
period  (May-September)  12  of  20  of  the  daily  flood  simulations  exceed  the 
target  index  Level  4  and  in  19  of  the  47  years,  this  level  is  exceeded  at 
Winnibigoshish.  In  addition,  in  13  years  of  simulation  the  summer  reser¬ 
voir  level  drops  below  the  starting  spawning  season  stage  of  8.5  feet. 
These  fluctuations  in  reservoir  level  during  the  47-year  simulation 
period  may  cause  adverse  affects  on  spawning  walleye. 

Leech  Reservoir  is  similarly  affected  by  extreme  high  and  low  stage 
years.  Of  the  20  daily  flow  simulations,  12  exceed  the  specified  Level  4 
during  the  period  of  15  May  to  10  September.  For  the  entire  47-year 
period,  there  are  16  years  in  which  the  target  level  is  exceeded  and  12 
years  when  the  reservoir  will  not  reach  the  minimum  1  April  elevation  of 
1293.7  feet.  During  these  periods,  the  conservation  plan  criteria  for 
Leech  will  be  violated  and  opportunities  to  increase  wild  rice  production 
reduced. 

Hydraulic  Results 

A  summary  of  annual  maximum  and  minimum  elevations  at  reservoirs, 
annual  maximum  flow  at  Aitkin,  and  annual  minimum  flow  at  Anoka  is  pro¬ 
vided  in  Appendix  L  tables  together  with  plots  of  reservoir  elevation 
versus  time  for  the  six  reservoirs  and  streamflow  at  Aitkin  and  Anoka. 

Frequency  Results 

Frequency  relationships  based  on  47  years  of  simulated  record  are 
provided  in  Figures  12-7  through  12-14  for  high  and  low  stage  at  reser¬ 
voirs,  high  flow  at  Aitkin,  and  low  flow  at  Anoka.  Note  that  in  Figure 
12-8  the  Plan  9  low  stage  frequency  curve  is  higher  than  the  Plan  1  curve 
for  non-exceedance  frequencies  between  50  and  0.2  percent.  This  is  a 
result  of  the  Leech  Reservoir  conservation  operation  plan  based  on  the 
index  levels  shown  in  Figure  12-6.  For  Plan  9  index  levels  2,  3,  and  4 
are  all  equal  during  the  summer  months.  This  operation  minimizes 
permissible  maximum  fluctuations  in  Leech's  stage  level  for  the  growing 
of  wild  rice,  as  noted  above.  Reservoir  low  stage  levels  stay  higher  as 
a  consequence  and  this  results  in  a  higher  low  stage  curve  for  Plan  9* 


Economic  Results 

Table  12-2  sunnnarizes  economic  computations  and  compares  this 
information  to  Plan  1,  Present  Operating  Plan.  The  results  do  not 
include  the  economic  benefits  gained  by  increasing  walleye  and  wild  rice 
production.  However,  the  change  in  operation  of  Winnibigoshish  and  Leech 
(and  their  effect  on  Pokegama)  changes  the  average  annual  damages 
expected  for  these  three  reservoirs.  Low  stage  AAD  for  Winnibigoshish  is 
slightly  greater  (11  percent)  for  Plan  9  than  Plan  1  and  is  a  result  of 
the  conservation  policy  to  improve  spawning.  Conversely,  the  AAD  for 
Leech  is  decreased  by  a  total  of  38  percent  (compared  to  Plan  1)  for  the 
combined  low  and  high  stage  damages  because  of  the  revised  operation 
policy  to  keep  the  low  stage  reservoir  level  higher  and  to  lower  index 
level  4  to  the  zero  damages  point  on  the  elevation-damage  curve  (Figure 
3-15)  to  improve  wild  rice  production.  Pokegama' s  AAD  rises  slightly  (8 
percent)  as  a  result  of  the  conservation  plans  in  effect  at  the  two 
upstream  reservoirs.  Their  attempts  to  minimize  water  surface  level 
fluctuations  increases  downstream  flows  during  high  flow  periods  (and 
results  in  greater  AAD  at  Aitkin)  and  decreases  releases  during  low  flow 
periods.  Overall,  the  AAD  for  the  six  reservoirs  decreases  from  $329. 9K 
(Plan  1)  to  $292. 8K  (Plan  9).  Thio  decrease  more  than  compensates  for 
the  increase  of  AAD  at  Aitkin  from  $278. 6K  (Plan  1)  to  $283. IK  (Plan  9). 
The  net  result  is  a  decrease  in  total  AAD  of  4  percent  compared  to  Plan  1. 


The  average  annual  cost  (AAC)  of  not  supplying  a  minimum  of  1600  cfs 
at  Anoka  was  also  calculated  for  Plan  9,  although  it  was  not  the  explicit 
purpose  of  Plan  9  to  meet  this  requirement.  However,  by  calculating  the 
AAC  it  was  then  possible  to  compare  Plan  9's  average  annual  net  benefit 
(or  cost)  relative  to  Plan  1.  The  AAC  for  Plan  is  $2962. 5K  compared  to 
$3189. 9K  for  Plan  1.  The  relative  net  benefit  of  Plan  9  at  Anoka  is 
$227. 4K. 


TABLE  12-2 


ECONOMIC  RESULTS 

($1,000) 


AVERAGE  ANNUAL  DAMAGE 

PLAN  9 

PLAN  1 

Winnibigoshish 

High  Stage 

4.0 

4.0 

Low  Stage 

10.8 

9.7 

Total 

14.8 

13.7 

Leech 

High  Stage 

7.6 

11.0 

Low  Stage 

43.4 

71.3 

Total 

51.0 

82.3 

Pokegama 

High  Stage 

25.4 

25.0 

Low  Stage 

4.5 

2.8 

Total 

29.9 

27.8 

Sandy 

High  Stage 

29.4 

29.4 

Low  Stage 

2.1 

2.1 

Total 

31.5 

31.5 

Pine 

High  Stage 

16.6 

16.6 

Low  Stage 

6.3 

6.3 

Total 

22.9 

22.9 

Gull 

High  Stage 

127.5 

127.5 

Low  Stage 

15.2 

15.2 

Total 

142.7 

142.7 

Aitkin 

High  Flow 

283.1 

278.6 

TOTAL  AAD 

575.9 

599.5 

AVERAGE  ANNUAL  COST  -  LOW 

FLOW  SHORTAGE 

(Below  1,1 

Anoka 

Low  Flow 

2962.5 

3,189.9 
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FIGURE  12-1 


LEECH  RESERVOIR  MAXIMUM  &  MINIMUM  NET  RESERVOIR  INFLOW 
CONSERVATION  PLAN  REQUIREMENTS'  WjTH  OUTLET  CAPACITY  LIMITATIONS 


(1600) 


LEfCH  RESERVOIR  MAXIMUM  ^  MINI 


FIGURE  12-6 
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SECTION  13 

PLAN  10  -  SANDY  LAKE  PLAN 


OBJECTIVE 

The  objective  of  this  plan  is  to  investigate  the  effect  of  operating 
Sandy  Lake  Dam,  during  high  flow  periods  in  April  and  May,  with  open 
gates  in  order  to  utilize  the  natural  tailwater  effect  of  Mississippi 
River  high  stage  to  regulate  the  rise  of  Sandy  Reservoir  stage  to  the 
summer  target  level. 

DISCUSSION 

This  plan  would  allow  a  Sandy  Lake  drawdown  to  normal  spring  level 
and  then  gradually  open  Sandy  Lake  control  gates  to  maintain  the  spring 
drawdown  level.  As  the  Mississippi  River  rises  and  Sandy  Lake  and  the 
Mississippi  River  are  equalized,  the  control  gates  at  Sandy  Lake  are  left 
wide  open  to  allow  the  Mississippi  River  and  Sandy  Lake  to  rise  together. 

Inherent  with  this  plan  is  the  need  to  compute  reservoir  releases 
based  upon  tailwater  conditions,  and  in  this  case,  upon  tailwater  condi¬ 
tions  at  a  downstream  control  point  (Libby).  In  addition,  under  certain 
extreme  flow  conditions  at  Libby,  it  is  possible  to  have  a  reverse  flow 
condition  at  the  reservoir  outlet  with  gates  open.  HEC-5  does  not  have 
either  of  these  capabilities. 

Since  this  plan  would  only  be  used  under  certain  hydrologic 
conditions  which  would  not  occur  every  year,  it  is  possible  to  perform  a 
hand  routing  procedure  at  Sandy  Lake  Dam  based  upon  the  rating  curve  at 
Libby;  slope  rating  curve  at  Sandy  River,  Sandy  Lake  Dam  and  Reservoir; 
and  the  discharge  hydrographs  at  Libby  (Mississippi  River)  and  inflow  to 
Sandy  Reservoir.  Even  with  this  procedure,  it  is  still  difficult  to  com¬ 
pare  Plan  10  results  with  Sandy  Reservoir  results  under  Plan  1,  Present 
Operating  Plan,  since  HEC-5  uses  constant  reservoir  index  level  targets 
for  a  monthly  period.  In  order  to  evaluate  this  plan,  daily  routing  must 
be  performed. 

Due  to  the  above  limitations,  a  complete  simulation  of  Plan  10  was 
not  performed;  however,  the  hand  routing  procedure  is  included  and  gives 
some  insight  into  the  impact  of  Plan  10  operation.  Details  of  this  pro¬ 
cedure  are  included  in  Appendix  M. 


SECTION  14 

SENSITIVITY  ANALYSIS,  RESERVOIR  ELEVATION-AREA- 
CAPACITY  CORVES 


Objective 

This  analysis  demonstrates  the  change  in  objective  function  results 
which  would  be  caused  by  errors  in  the  reservoir  elevation-area-capacity 
relationships.  The  effects  of  errors  in  the  specified  relationships  for 
the  three  upstream  reservoirs  (Winnibigoshish,  Leech,  and  Pokegama)  on 
regulated  low  flows  at  Anoka  are  simulated  and  discussed  as  the  basis  for 
this  demonstration. 

Discussion 

The  reliability  of  computer  simulation  results  is  highly  dependent 
on  the  accuracy  of  the  data  used  as  input  to  the  computer  model.  One  of 
thge  most  important  types  of  data  used  in  a  simulation  study  involving 
reservoirs  is  the  definition  of  available  storage  based  on  elevation-area- 
capacity  relationships.  Storage  volume  is  important  to  study  results  and 
subsequent  reservoir  operation  for  two  major  reasons.  First,  it  provides 
an  attenuation  effect  on  major  flood  flows  by  temporarily  storing  inflows 
and  releasing  outflows  at  a  reduced  level  over  a  longer  period  of  time. 
Second,  the  reservoir  storage  provides  a  conservation  capability  by 
storing  higher  flows  for  release  in  low  flow  periods. 

Elevation-area-capacity  relationships  for  the  reservoirs  in  the 
Mississippi  River  Headwaters  area  are  based  on  survey  data  collected  in 
1925  and/or  1931,  with  some  revisions  in  1941.  The  St.  Paul  District  has 
expressed  concern  regarding  the  accuracy  of  this  data  particularly  in  the 
lower  elevation  regions  of  each  lake.  Since  potential  errors  introduced 
by  inaccurate  survey  data  have  a  more  pronounced  effect  on  incremental 
storage  at  lower  elevation  levels  than  at  upper  lake  levels,  it  is  likely 
that  such  errors  exert  a  greater  impact  on  low  flow,  conservation 
functions  than  on  high  flow,  flood  control  functions.  Consequently,  the 
following  analysis  of  potential  changes  to  objective  functions  focuses 
solely  on  conservation  practices.  In  particular,  the  effects  of  reduced 
storage  in  the  upper  three  reservoirs  (Winnibigoshish,  Leech,  and 
Pokegama)  on  regulated  low  flows  at  Anoka  are  examined. 


Earlier  analysis  of  simulation  results  for  Plan  2  (Section  5) 
indicated  that  the  study  reservoirs  could  be  operated  such  that  a  minimum 
flow  requirement  of  1,600  cfs  was  accomplished  at  Anoka  for  the  entire 
47-year  period  of  simulation.  (It  should  be  noted  that  this  result  and 
the  following  sensitivity  analysis  were  conducted  prior  to  the  reintro¬ 
duction  of  the  HEC-5  error  which  affects  the  Plans  2,  5,  and  6  results.) 
While  errors  in  survey  data  which  result  in  underestimation  of  reservoir 
storage  would  not  adversely  affect  on  fulfillment  of  required  flows  at 
Anoka  for  the  simulation  period,  overestimation  of  storage  volume  could 
result  in  inappropriate  operation  of  reservoirs  with  premature  release  of 
waters  which  are  needed  later  in  the  year  to  meet  minimum  flow 
requirements. 

In  order  to  investigate  the  potential  effects  of  inaccurate  survey 
data  on  conservation  practices,  two  sensitivity  analysis  runs  were  per¬ 
formed  by  adjusting  the  elevation-area-capacity  data  for  Plan  2.  In  the 
first  computer  run  (Plan  2S1) ,  it  was  assumed  that  all  elevation  data  for 
each  of  the  upper  three  reservoirs  overestimated  the  depth  of  water  uni¬ 
formly  by  one  foot.  The  second  sensitivity  run  (Plan  2S2)  assumed  an 
overestimation  of  two  feet.  Figures  14-1  and  14-2  are  provided  as  aids 
in  visualizing  the  assumptions  made  in  these  two  sensitivity  runs. 
Figure  14-1  illustrates  an  idealized  cross-section  for  Winnibigoshish 
Lake  based  on  depth  and  volume  data  and  the  assumption  of  a  circular 
shape  at  every  level  of  the  lake.  The  effects  on  this  idealized  cross- 
section  resulting  from  an  overestimation  of  water  depth  at  all  points  by 
1  foot  (Plan  2S1)  and  by  2  feet  (Plan  2S2)  are  indicated  on  the  figure. 
Average  cross-sections  for  Leech  and  Pokegama  Lakes  were  modified  in  a 
similar  manner  to  represent  parallel  overestimations  of  reservoir  depth. 

Figure  14-2  shows  the  modifications  to  the  existing  stage-storage 
curve  for  Winnibigoshish  Lake  which  are  necessary  to  represent  Plans  2S1 
and  2S2.  The  figure  illustrates  that  the  relative  impact  of  errors  in 
survey  data  on  storage  volume  is  greater  at  the  lower  levels  of  the  res¬ 
ervoir.  For  example,  a  uniform  1  foot  overestimation  of  reservoir  depth 
results  in  a  31  percent  reduction  in  storage  at  an  elevation  of  1288 
feet,  while  only  a  9  percent  reduction  in  storage  results  at  an  elevation 
of  1300  feet. 
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Necessary  adjustments  were  made  to  RE  and  RL  cards  in  the  HEC-5 
input  sequence  to  modify  the  stage-storage  relationship  and  the  reservoir 
index  levels  in  each  of  the  upper  three  reservoirs.  Resulting  low-flow 
data  (monthly  minimum  flows)  at  Anoka  were  then  simulated  for  the  period 
1930-1976  and  analyzed  for  the  two  sensitivity  runs. 

RESULTS 

Simulation  results  for  Plan  2S1  indicated  that  the  minimum  flow 
requirement  of  1,600  cfs  at  Anoka  would  be  accomplished  even  if  reservoir 
depth  in  each  of  the  three  upper  reservoirs  was  overestimated  by  1  foot. 
In  fact,  overestimation  of  depth  by  2  feet  (Plan  2S2)  only  violated  the 
minimum  flow  requirement  during  one  month  of  the  47-year  simulation 
period.  Simulated  minimum  flow  at  Anoka  for  January  1935  dipped  below 
the  1,600  cfs  level  to  1,365  cfs.  To  illustrate  the  downstream  effects 
of  overestimating  reservoir  depth,  and  hence,  storage  volume,  in  the 
three  reservoirs.  Figure  14-3  provides  plots  of  yearly  minimum  flow 
values  at  Anoka  during  the  simulation  period  for  Plans  2  and  2S2.  Sev¬ 
eral  periods  of  the  simulation  period  are  of  interest.  During  the 
drought  period  of  1930-1938  storage  in  the  reservoirs  is  reduced  to  a 
point  where  failure  to  meet  the  1,600  cfs  requirement  at  Anoka  is  a  con¬ 
stant  concern,  and  at  one  point  the  requirements  simply  cannot  be  met  if 
reservoir  depth  is  indeed  overestimated  by  2  feet  (Plan  2S2).  Other  dif¬ 
ferences  in  minimum  yearly  flow  between  the  two  plans  occur  during  the 
periods  1942-1946,  1950-1954,  1968,  and  1972.  For  these  years,  low  flow 
occurs  during  winter  months  rather  than  summer  months.  Under  this  condi¬ 
tion,  there  is  less  incremental  storage  between  equal  reservoir  eleva¬ 
tions  in  Plan  2S2  than  Plan  2.  As  a  result,  lower  releases  are  made  in 
Plan  2S2  than  Plan  2  in  order  to  bring  the  reservoir  down  to  a  lower  ele¬ 
vation  as  prescribed  in  each  plan. 

The  most  important  point  illustrated  by  Figure  14-3  is  that  even 
with  a  2-foot  overestimation  of  reservoir  depth  for  all  three  of  the 
upper  reservoirs,  the  1,600  cfs  flow  requirement  at  Anoka  is  only 
violated  once. 

Minimum  yearly  flow  at  Anoka  is  presented  in  the  form  of  frequency 
curves  in  Figure  14-4.  Note  that  overestimation  of  reservoir  depths  by  1 
foot  (Plan  2S1)  has  no  visible  effect  on  the  original  frequency  curve  for 
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Plan  2,  and  that  the  only  significant  difference  in  the  frequency  curve 
for  Plan  2S2  lies  in  the  area  of  infrequent  events.  This  is  another 
indication  that  overestimation  of  reservoir  depths  does  not  significantly 
affect  the  ability  of  the  Mississippi  River  Headwaters  reservoirs  to  sat¬ 
isfy  the  flow  requirements  at  Anoka. 
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FIGURE  14-1 


DISTANCE  FROM  IDEALIZED.  CENTER  POINT  OF  RESERVOIR 


MINIMUM  FLOW  AT  ANOKA  FOR  PLANS  2  &  2S2,  1930-1976 


PLAN  2 
PLAN  2S2 

MINIMUM  REQUIRED  FLOW 
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